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Abstract 
Concussion is a prevalent injury associated with contact sports, however the 
underlying brain changes associated with concussion remain poorly understood. Therefore it 
is critical to (a) understand the complex sequelae of concussion, (b) when or if the brain 
recovers, and (c) if there are brain changes associated with contact sports in general. 
Advanced imaging techniques may be sensitive to changes that persist beyond relatively 
prompt symptom recovery and clearance to return to play. 
Resting state functional MRI (RS-fMRI) and diffusion tensor imaging (DTI) data was 
acquired on the 3T at Robarts Research Institute from healthy and concussed athletes from 
three separate cohorts. Healthy male hockey players were compared to longitudinal data 
acquired from concussed peers participating in Bantam-level hockey at 24-72 hours and 3 
months after the injury. There were alterations in diffusion measures along multiple tracts 
with the largest significant decreases located along the superior longitudinal fasciculus at 
both times post-concussion. DTI tractography was used to relate diffusion changes with acute 
changes in functional connectivity. At 3 months post-concussion, network and regional 
connectivity analysis revealed compensatory functional hyperconnectivity patterns based on 
correlations with clinical symptoms and diffusion data.   
Longitudinal imaging data was acquired from concussed female rugby players post-
concussion (at 24-72 hours, 3- and 6 months after injury) and compared to non-concussed 
teammates throughout the in- and off-season. Using a data-driven linked independent 
component analysis we observed acute disruptions in diffusion metrics inferiorly along the 
brainstem that recovered by 3 months post-concussion. However, we also observed long-
lasting signatures that reflect co-varying alterations in brain microstructure and functional 
connectivity that related to the number of self-reported concussions. Based on these findings 
it appears that concussion initiates both acute and persistent changes to central white matter 
structures with subtle changes in functional connectivity.   
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Given these findings, we acquired data from varsity-level female swimmers and 
rowers that were also scanned during the in- and off-season in order to directly compare with 
healthy rugby players and rule out the effects of high-level competitive exercise. We used 
accelerometers to quantify head rotational accelerations in a subset of the rowers and rugby 
players to confirm the number and magnitude of subclinical impacts. We quantified DTI 
alterations along major white matter tracts in contact compared to non-contact athletes that 
were in the opposite direction of our concussion findings. Diffusion changes within the genu 
and splenium of the corpus callosum were related to a history of concussion. Fluctuations in 
brainstem diffusion parameters between the in- and off-season as well as functional 
hyperconnectivity patterns within the default mode and medial visual networks were 
observed in contact athletes only.  
Together, these studies suggest that concussions result in an acute set of symptoms 
and microstructural brain changes. Despite quick resolution of symptoms, evidence of 
persistent axonal disruption exists at 3- and 6 months post-concussion and well beyond 
symptomatic recovery. While functional hyperconnectivity may be one mechanism that 
allows the brain to function despite these disruptions, concussion may also compromise 
neuroprotective microstructural changes that protect the young, healthy brain throughout 
years of contact play. It remains to be seen if the brain changes associated with contact play 
and concussions are directly related to later risk of neurodegenerative processes. 
   
Keywords 
Mild traumatic brain injury, magnetic resonance imaging, diffusion tensor imaging, 
functional MRI, concussion, functional connectivity. 
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Chapter 1  
1 Introduction 
 
1.1 Motivation and Overview 
The human brain is exceedingly complex and organized, but it is not impervious 
to concussive and subclinical impacts, and rotational accelerations. While animal models 
of mild traumatic brain injury (mTBI) have shown that there are acute underlying brain 
changes after the injury [1], little is known about how the human brain reacts to 
concussion or how it attempts to recover. There is growing evidence that suggests both 
concussion and even repetitive subclinical impacts may evoke early cognitive decline and 
neurodegenerative processes, however these studies are largely based on prospective data 
or skewed samples of post-mortem brain histology [2]. 
In order to appreciate the complex, multi-faceted cascade of neurobiological 
changes related to sports-related impacts and concussions, this chapter will begin with a 
general review of how the healthy brain develops integrated structural and functional 
architecture. Then, an overview of the prevalence and pathophysiology of mild traumatic 
brain injury (mTBI) will be provided along with a summary of the potential mechanisms 
of injury. The current clinical protocols for diagnosis and the standard of care for 
concussed athletes will be discussed with an emphasis on the specific limitations of 
clinical protocols and standard imaging.   
Advanced non-invasive magnetic resonance imaging (MRI) techniques and 
analyses are powerful, non-invasive approaches to understand the longitudinal structural 
and functional brain changes associated with sports-related concussion in adolescent 
athletes. Diffusion tensor imaging (DTI) and resting state functional MRI (RS-fMRI) 
techniques will be discussed in detail, including acquisition, image pre-processing, and 
mapping imaging metrics of interest, like diffusion properties and functional 
connectivity, that are sensitive to underlying neurobiology and brain organization.  
2 
 
Once these multiparametric image maps are generated, advanced mathematical 
approaches are required to understand (a) how they relate to the brain’s acute and 
persistent response to concussion and (b) how the different parameters inform and relate 
to one another. In particular, I will discuss how different imaging metrics can be modeled 
to understand their spatial relationship and their correlation with clinical measures in a 
hypothesis-driven manner. Given the complex and heterogeneous cascade of brain 
changes that may be instigated by concussion, I will also discuss data-driven techniques 
like linked independent component analysis [3]. This analysis approach takes advantage 
of the fact that brain structure and function directly influence each other, and assesses the 
shared inter-subject variability across DTI and RS-fMRI parameters [4]. Finally, recent 
concussion-related research will be discussed with an emphasis on neuroimaging 
findings, which will provide a direct motivation for the thesis hypotheses and objectives.  
    
1.2 The Human Brain: Structure and Function 
The human brain is a complex structure that develops in accordance with genetic 
and environmental factors, as well as experience. While development is striking and 
dramatic in early life, the brain continues to mature throughout early adulthood [5]. The 
structural development of white matter neuronal bundles are closely linked with the 
functional organization of the cortex itself [6]. Traumatic insults to the head and 
consequent acceleration of these complex brain structures may temporarily interrupt 
ongoing development [7] and cause disruption of how the brain communicates and 
performs functions, including basic autoregulation of blood flow and metabolism [8]. 
 
1.2.1 Development Throughout Adolescence 
It is important to discuss ongoing neurodevelopmental processes given the 
populations that we are studying in this work, and considering the longitudinal nature of 
the research study design. Though development is most dramatic during the early stages 
of life, it continues throughout adolescence and early adulthood, with slower changes 
3 
 
related to aging across the lifespan [9,10]. The brain reaches its full total volume at about 
age 5, but individual white matter bundles and specific gray matter cortical regions 
continue to develop through white matter myelination, axonal growth and pruning [11]. 
This continued brain maturation is spatially heterogeneous with some specific tracts and 
regions showing full maturity in childhood (ex. corpus callosum and inferior longitudinal 
fasciculus) while others tracts continue to develop well into the twenties (ex. putamen 
and cingulum) [5]. These ongoing processes are important to consider when investigating 
longitudinal within-subject changes post-concussion, especially when considering the 
interplay between structural changes and functional architecture of the cortex.  
     
1.2.2 Structure 
The brain has four major structural components. Cerebral spinal fluid (CSF) is 
found within the ventricles of the brain and between the brain and skull. This fluid acts as 
a protective cushion to vulnerable brain tissues and also plays a role in homeostatic 
cerebral autoregulation [12]. The white matter of the brain is composed of neurons with 
long unmyelinated and myelinated axons. These microstructures allow the transport of 
electrical neuronal signals between different cortical regions as well as the body. White 
matter tracts (bundles of neurons) have been shown to be vulnerable to trauma, especially 
in their unmyelinated form [13]. The structure and organization of white matter tracts 
constrain the diffusion of water. These white matter tracts allow communication between 
different cortical regions within the gray matter. The gray matter encompasses the outer 
surface or cortex of the brain as well as some deep gray matter structures like the 
thalamus and is composed of cell bodies, dendrites, synapses, and glial cells that are all 
supplied nutrients and oxygen via the capillaries [12]. The gray matter is relatively 
unmyelinated and is directly responsible for specific functions and for processing 
information. The fourth major component of the brain is the vasculature. Despite its 
relative size compared to the body, the human brain requires and consumes a 
disproportionate amount of energy and oxygen [14]. These requirements are supplied and 
regulated through the vasculature where arteries and arterioles supply fresh blood and 
nutrients that are exchanged via the capillaries and then cleared through the veins.   
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The four major components of the brain directly influence and regulate one 
another at a moment-to-moment frame rate. This is also true longitudinally on a more 
gradual timescale. Notably, different imaging techniques and MRI sequences are used in 
conjunction to interrogate the brain because different imaging approaches are sensitive to 
different aspects of the underlying neurobiology. While anatomical T1 and T2-weighted 
MR images can provide excellent contrast between gray and white matter structures with 
high spatial resolution, they provide limited insight into the structural integrity of white 
matter microstructures or the functional architecture of the cortex. 
 
1.2.3 Functional Architecture 
The brain and specifically the cerebral cortex is responsible for organizing 
homeostatic autoregulation, executing specific tasks, cognitive function, and storage of 
information and memory. Generally, specific regions composed of groups of neurons 
communicate and function with each other. The primate primary motor cortex, for 
example, is consistently organized along the precentral gyrus corresponding to each 
region of the body that is preparing for or performing motor functions from moving 
individual fingers to swallowing and chewing [15]. The visual cortex, which develops 
relatively early, is intricately organized to process specific aspects of visualization and 
processing including orientation, movement and size [16]. Cortical regions communicate 
through the transmission of excitatory or inhibitory neuronal signals in order to perform 
more complex cognitive functions, like sorting sensory information to short-term 
memory. Local and whole brain functional architecture is generally consistent in healthy 
subjects and even across species like non-human primates [17] and rodents [18]. Regions 
transfer information via structural connections or through more complex networks and 
mutual communication hubs. These brain networks and functional architecture may 
change as a result of injury, throughout development, disease or through learning [19]. 
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1.3 Pathophysiology of Mild Traumatic Brain Injury 
 
1.3.1 Mechanism of Injury 
Mild traumatic brain injury (mTBI) or concussion can arise from direct or indirect 
impacts to the head and consequent rotational accelerations and decelerations [20]. These 
forces can cause deformation of the tissues themselves, axonal fibers, and shearing and 
straining forces that may initiate acute changes to the microvascular and cellular 
environment [8]. Traumatic brain injury can result in primary axotomy, disruption of 
blood vessels and glia, formation of axonal retraction bulbs and swelling, changes in 
membrane transport and metabolism, changes in cerebral blood flow, or changes in 
myelin [2]. The biomechanics and deformations are extremely difficult to observe 
directly in vivo within humans or even animal models. Computer simulations or physical 
models are two types of approaches that attempt to understand the effects of direct 
impacts and rotational accelerations on the brain as a whole. These models and 
simulations can incorporate information about human brain tissue properties, density and 
structure, as well as the magnitude and nature of subclinical and concussive impacts. Gel-
like substances can be used to model brain tissues within an animal or human skull [21]. 
By using a grid pattern and filming the movement of the gel during imposed rotational 
accelerations or impacts one can quantify gross deformations and shearing forces of the 
modeled tissues [22]. Using this approach we can readily appreciate that angular 
acceleration can cause shearing forces and deformations and measure the approximate 
magnitude and position. However the consequent changes at a finer spatial scale and the 
effect on more complex microstructures and interfaces are difficult to infer and model. 
 Observing the brain ex vivo (or ideally in vivo) will render the most thorough 
understanding of deformations and forces, although it is an extremely difficult challenge. 
In theory, in vivo approaches could allow observation of the impact on complex white 
and gray matter structures (that vary as a function of location, maturity, and tissue density 
properties) given the constraints of the skull itself, the brainstem, meniges, cerebral spinal 
fluid and tissue interfaces. More advanced computer simulations are able to model 
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different directions and amplitudes of forces upon the head and the consequent 
deformations and accelerations of the brain’s tissues given the structural boundaries 
between different tissues and the skull itself [23] and have found that the shear stress 
experienced within the midbrain and brainstem was the most promising predictor of 
concussion. Advanced MRI techniques with high temporal resolution have also been 
developed to quantify the deformation of the human brain, highlighting the brainstem and 
frontal lobe [24]. The anatomy of the brain in general experiences the highest forces 
along the brainstem, midbrain and thalamus, as well as along central white matter tracts 
like the cingulum and corpus callosum (Figure 1-1). 
 
  
Figure 1-1: Forces exerted on the brain following acceleration of the head with or 
without direct impact with another object. The maximal forces are located in primary 
central structures like the midbrain, thalamus, corpus callosum and cingulum due to the 
anchoring of the brain to the brainstem and neck. Figure adapted from Ropper and 
Gorson, New England Journal of Medicine 2007.   
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These approaches can provide insight of the potential magnitude and locations of 
deformations as a function of impact severity and mechanism, however they are 
inherently limited in their ability to model and describe the intricate underlying changes 
in vascular properties, cellular biology, chemical exchanges, axonal structure and 
integrity. Head impact sensors that record gross forces and accelerations of the head 
provide insight into the number and severity of sports-related impacts [25–27]. They can 
aid in our understanding of the general forces and can be directly related to clinical and 
neuroimaging changes [28,29], but they do not detail the movement of intricate tissue 
structures and complex neuropathology. Advanced neuroimaging may be able to provide 
such information non-invasively as animal models are limited in replicating the exact 
rotational accelerations and anatomy that are experienced by young human athletes. 
 
1.3.2 Prevalence of Sports-Related Concussion 
Sports-related concussions affect athletes across a variety of sports and at all 
levels of play and competition. When considering concussion or mild traumatic brain 
injury it is important to be aware that more serious injuries (moderate to severe traumatic 
brain injury) with persistent or severe symptoms are often not sports-related and involve 
more serious trauma associated with automobile accidents or military-related blast 
injuries. These injuries may be associated with different types and timing of 
neuropathology including hemorrhage, contusions, and swelling of the brain tissues with 
much higher risk of death, compromised autonomic function, neurodegenerative 
processes, and consciousness. Traumatic brain injuries result in about 2.5 million 
emergency room visits in the United States each year and are associated with $60 billion 
dollars in direct or indirect costs. About 75% of the injuries reported were mild and 2% 
of TBIs resulted in death [30]. Young children (0-4 years old), adolescents (15-19 years 
old) and older adults over 75 years of age account for the majority of TBIs through 
physical trauma or abuse, motor vehicle accidents, falls, and impact with an object 
(including sports-related impacts) [30].  
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Sports-related concussions affect between 1.6 and 3.8 million people per year in 
the United States, although this is likely an underestimate because of under-reporting or 
not seeking formal medical treatment [31]. Across sports the number of concussions vary 
as a function of level of play, with hockey, football, soccer, rugby, and boxing most 
commonly studied. Variations across these sports arise from differences in league rules, 
sports culture, and sports equipment. For example, in the United States football accounts 
for most sports-related concussions, while in Canada younger athletes are more likely to 
experience a concussion through playing hockey (44%) than football (12%) [32]. While 
boys or men tend to have higher rates of concussions, there may be gender related effects 
of concussion where some studies suggest female athletes actually have higher relative 
rates of concussion with more severe symptoms [33]. 
 
1.3.3 Persistent Symptoms and Cognitive Deficits 
Common symptoms acutely following concussion include headache, dizziness, 
fatigue, difficulty sleeping, disorientation and trouble balancing, irritation from loud 
noises and bright lights, motor-visual processing deficits, memory deficits, anxiety, and 
depression. These symptoms are heterogeneous in type, severity, and timing making 
diagnosis and decisions about recovery extremely difficult, especially with young 
children. Most concussions have acute symptoms that recover on the order of days to 
weeks after injury. However, for a subset of concussed athletes (about 10-20% of all 
concussions), certain symptoms may persist years after injury and it is not clear what 
factors precede this from the mechanism of injury (i.e. direction and magnitude of 
rotational acceleration and/or direct impact), previous concussion history, repetitive 
impacts over the lifespan or recovery strategies [34, 35]. There is also evidence of subtle 
cognitive deficiencies (that some cognitive tests may not be sensitive enough to measure) 
in retired contact-sport athletes compared to age-matched controls, however the choice of 
control group is critical. Though some studies have not found any cognitive deficits in 
contact athletes, others have demonstrated a direct correlation with cognitive impairments 
and the number of subclinical impacts. Cognitive alterations have been related to early 
participation in contact sport, where football players who began playing before the age of 
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12 were more likely to have neuropsychiatric and executive functional deficits compared 
to those who began after the age of 12 [36] accompanied with alterations in corpus 
callosum microstructure [37]. While children and adolescents are expected to have 
enhanced neuroplasticity, this does not appear to outweigh the vulnerability of the young 
brain to trauma: They tend to exhibit more severe damage and symptoms [38].     
 
1.3.4 Evidence of Neurodegenerative Processes 
Mild traumatic brain injury or concussion often involves an acute set of 
heterogeneous symptoms that usually resolve within days to weeks after the injury, 
however there may be underlying brain changes associated with concussion and/or years 
of subclinical impacts. Prospective human studies have variably found histological 
evidence of neurodegenerative processes in the brain but a direct relationship between 
repetitive impacts experienced across the lifespan and neurodegenerative processes like 
chronic traumatic encephalopathy (CTE) has not been definitively demonstrated [39]. 
The major limitation with these studies is that data are collected from a skewed sample of 
post-mortem brain donations from athletes or their families that often suspect a causal 
relationship between their participation in contact sports and dementia-like symptoms 
[40]. CTE involves several non-exclusive neuropathological markers that are used to 
diagnose and stage the disease, mainly lesions consisting of random accumulations of 
hyperphosphorylated tau (p-tau) primarily located at the depths of the cortical sulci and 
near small blood vessels (perivascular) as well as gross pathology including cerebral 
atrophy, enlarged ventricles and thinning of the corpus callosum and cavum septum 
pellucidum [41]. These processes appear to be independent of other disease formations 
like Alzheimer’s disease that also involve p-tau neuropathology [2], but further 
investigation using a non-invasive imaging technique sensitive to p-tau in-vivo is 
necessary to gauge the true prevalence of this disease. Severe CTE has not only been 
shown to be present in professional athletes, but also in younger, high school and college 
level athletes [42]. This is a disturbing finding and one of the primary motivations for a 
surge of research on concussion and sports-related impacts in order to identify what 
factors or biomarkers are precursors to this premature neurodegenerative pathology.  
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1.4 Clinical Symptoms, Diagnosis and Treatment  
 
1.4.1 Clinical Tests for Diagnosis of Concussion 
There are a variety of clinical approaches that medical sports physicians use to 
diagnose and monitor concussed individuals. These protocols involve a battery of 
neurocognitive tests that measure functional capacity across a wide range of tasks that 
assess memory, balance, decision-making, and cognition. They also provide a way for 
physicians to monitor a wide range of possible symptoms and the patient’s self-reported 
severity of those symptoms. Sports medicine physicians will first enquire about the injury 
itself (information like mechanism of injury, direction, acute symptoms such as loss of 
consciousness or memory) and then, with the help of standard clinical protocols like the 
Sports Concussion Assessment Tool (SCAT) and Immediate Post-Concussion 
Assessment and Cognitive Testing (ImPACT), they will assess the patient for symptoms, 
monitor their recovery, and make decisions about return to play.  
The SCAT involves a series of subtests that assess cognitive orientation, 
immediate memory, concentration, balance, coordination, and delayed recall [43]. It also 
contains the Glasgow coma scale (GCS) that assesses eye, verbal, and motor response on 
a total scale of 15 to objectively record a patient’s state of consciousness, where generally 
a mild traumatic brain injury would be rated greater than or equal to 13 and severe 
injuries are less than 8 or 9. The Maddocks score is obtained though it is designated for 
sideline diagnosis of concussion and involves a series of simple questions like “where are 
we today?” and “did your team win the game last week?”. The physician will enquire 
about the number and severity (on a scale of 0 [none] to 6 [severe] for a total possible 
score of 132) of symptoms from a list of 22 possible symptoms including headache, neck 
pain, nausea, confusion, difficulty remembering, concentrating or sleeping, light and 
sound sensitivity, and emotional instability or changes. The ImPACT is an online tool 
that also involves assessing 22 symptoms and their severity as well as neurocognitive 
tests that evaluate attention, verbal recognition and visual working memory, visual 
processing speed, reaction time, and impulse control [44]. Many research studies use 
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more advanced cognitive assessments in order to detect more specific or subtle changes, 
but they are beyond the scope of this thesis because they are not used in standard clinical 
practice for assessment and monitoring of concussed athletes. 
 
1.4.2 Clinical Imaging for Mild Traumatic Brain Injury 
While medical imaging is not the standard of care for assessment of a concussed 
patient, in some cases the physician may recommend a computed tomography (CT) or a 
structural MRI image to ensure that there is no pathology consistent with a more serious 
injury or trauma. Common pathologies for moderate and severe TBI include microbleeds, 
hematomas and more focal contusions as a result of substantial direct impacts to the brain 
[45]. These pathologies will cause signal abnormalities due to excessive fluid and blood, 
physical alteration of structure that indicate a more severe injury and consequently a 
different treatment and recovery approach. T2-weighted turbo spin-echo (TSE) sequence 
is sensitive to fluid where excessive liquid (e.g. microbleeds) will produce a hyper-
intense signal. Fluid-attenuated inversion recovery (FLAIR) imaging is sensitive to 
subcortical white matter lesions [46] that may appear hyper-intense and could indicate a 
more severe diffuse axonal injury (DAI) (Figure 1.2). Importantly, these white matter 
hyper-intensities are not sufficient clinical diagnostic tools because they are only present 
in a fraction of TBI patients and also may appear in healthy individuals at 3T or could be 
related to other independent pathology, especially in older patients. We carefully 
examined anatomical MRI data from both cohorts of concussed athletes and could 
confirm that there was no visible evidence of more serious structural pathologies. In 
particular, we confirmed that there were no hyper-intensities present on the FLAIR or 
TSE images, and no structural abnormalities or swelling visible on the MPRAGE image. 
This once again demonstrates the clinical difficulty with diagnosis and monitoring 
patients with mild traumatic brain injury and the need for more advanced sequences that 
can interrogate complex measures of white matter integrity and functional organization 
that are not visible on standard T1 or T2-weighted anatomical scans.   
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Figure 1-2: Anatomical MR images. (A-C) are from the same concussed subject and 
approximately the same slice location. These anatomical MRI images include an (A) 
Magnetization Prepared Rapid Gradient Echo (MPRAGE) image, (B) a turbo spin-echo 
image, and (C) a FLAIR image. (D) An example of a FLAIR image (acquired on the 
same 3T scanner with the same sequence protocol) of a TBI patient (Ontario Brain 
Institute) with multiple white matter hyper-intensities shown within the red circles.    
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1.4.3 Treatment and Recovery  
Once a physician has diagnosed a concussion, treatment and recovery options will 
aim to allow time to heal and alleviate symptoms. Currently available treatment options 
are limited and target each symptom individually. During the days to weeks following 
concussion, patients are encouraged to allow for physical and cognitive rest followed by 
gradual return to normal activity, as long as symptoms continue to improve and are not 
aggravated by excessive activity and function. Based on symptom monitoring, clinical 
recovery appears to be generally quick but it is unknown exactly how and when the brain 
physically recovers. Non-invasive imaging could aid in understanding the 
neurophysiology underlying concussion acutely and during the recovery period. Though 
advanced MRI sequences are unlikely candidates for diagnostic purposes or to clinically 
monitor patients throughout recovery, it may motivate more sensitive clinical tests that 
target specific brain regions and the development of treatment options.  
 
1.5 Diffusion Tensor Imaging (DTI)  
Molecules are in constant motion and this thermally driven random movement is 
called Brownian motion or diffusion. Molecules will diffuse a small distance x along n 
dimensions during time t as a function of the diffusion coefficient, D: < 𝑥! > = 2𝑛𝐷𝑡 
The diffusion of water in the brain is particularly interesting given the structural 
boundaries and organization of white matter tracts and neural fibers. The long structure of 
the axon, which is surrounded by layers of myelin, restricts diffusion to remain 
preferentially anisotropic along the direction of the axon itself. The way water diffuses 
within a voxel given these known structural components can provide a marker for tissue 
microstructural properties [47]. By acquiring diffusion-weighted data along many 
different gradient directions we can quantify an elliptical diffusion tensor characterized 
by eigenvalues that describe the three axes of the diffusion tensor.   
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1.5.1 Acquisition 
Diffusion tensor imaging is acquired using echo planar imaging (EPI) techniques. 
The most common approach and the one used across all our studies involved a pulsed 
gradient spin echo sequence [48]. This sequence acquires whole-brain images sensitive to 
the diffusion of protons through 90- (π/2) and 180-degree (π) radio frequency pulses. The 
180-degree pulse is surrounded by equal amplitude gradients that are sensitive to the 
diffusion in a particular direction [49]. When molecules diffuse along the direction of 
these applied gradients then the signal is attenuated as a function of the b-value (degree 
of diffusion weighting that scales with the strength and duration of diffusion gradients) 
and the unknown diffusion coefficient or tensor, D [50]: 
𝑆! ! =  𝑆! !!! exp (−𝑏! 𝑥!!𝐷𝑥!)                    
where 𝑆! !  is the measured signal after applying the ith gradient, 𝑆! is the non-attenuated 
signal without diffusion weighting, and 𝑥! is the unit vector that represents the gradient 
direction.  
 
1.5.2 Preprocessing 
Raw diffusion weighted images result in a series of volumes with different 
diffusion gradient orientations sensitive to specific directions of water diffusion. This also 
includes a non-diffusion weighted scan (i.e. where b = 0) to compare with the diffusion-
weighted volumes that will be proportionally less intense according to the amount of 
diffusion along that particular direction. This volume will also be used to create a brain-
extracted mask of the brain that will be used to constrain the diffusion maps. The 
diffusion-weighted volumes are physically distorted by eddy currents produced by the 
large changes in gradient magnitude and direction as well as head motion during the 
acquisition. These can be mitigated through eddy current correction in FSL where 
distortions are corrected for each volume given the known orientation of the gradients. 
Image volumes are also aligned with the non-diffusion weighted volume to correct for 
larger distortions and subject head motion between volumes.        
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1.5.3 Diffusion Tensor and Metrics of Interest 
Once the diffusion volumes have been registered and corrected for eddy-current 
distortion and head motion, a diffusion tensor can be fit at each voxel. The local diffusion 
in a voxel is characterized by a diffusion tensor, D, that is related to the attenuation of the 
diffusion signal along a particular gradient direction [51]. This diffusion tensor is given 
by: 
𝐷 =    𝐷!! 𝐷!" 𝐷!"𝐷!" 𝐷!! 𝐷!"𝐷!" 𝐷!" 𝐷!!   
and by taking the determinant of the matrix one can obtain the three eigenvalues and 
eigenvectors. Eigenvalues (λ1, λ2, λ3) are important in determining the principle direction 
of water diffusion and are used to quantify specific aspects about the diffusion. For 
example, the mean diffusivity (MD) in a voxel or region of interest is: 
𝑀𝐷 =   𝑇𝑟𝑎𝑐𝑒(𝐷)3  =   λ! + λ! + λ! 3  
and represents the average magnitude of water diffusion [mm2/s]. MD provides general 
information about the organization and microstructure of the brain, and has been shown 
to be sensitive to disease pathologies like stroke [52], as well as many other disease 
applications [53] and changes throughout development [5].  
Other complementary metrics are calculated and compared in conjunction to aid 
in interpretation. Fractional anisotropy (FA) quantifies the directionality or shape of the 
ellipsoid diffusion tensor and is calculated using the following equation: 
𝐹𝐴 =   3 × 𝑉𝑎𝑟(𝜆)2(𝜆!! + 𝜆!! + 𝜆!!)  =   (𝜆! − 𝜆!)! + (𝜆! − 𝜆!)! + (𝜆! − 𝜆!)!2(𝜆!! + 𝜆!! + 𝜆!!)  . 
FA values range from 0 to 1 where isotropic diffusion (i.e. equal diffusion in all 
directions like within the ventricles where 𝜆! = 𝜆! = 𝜆!) results in an FA = 0 (Figure 1-
3). If one diffusion direction dominates (the primary eigenvalue along a well defined 
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large white matter tract like the corpus callosum, for example) then the FA approaches a 
maximal value of 1. This measurement is sensitive to the integrity and organization of the 
white matter. This measure will be discussed in later sections when it is used to apply 
tractography analysis or creating white matter skeletons for ascertaining tract-based 
spatial statistics. FA values change throughout development and across the lifespan [10] 
and are sensitive to changes in microstructural integrity [54]. 
 Though FA and MD together provide information about white matter 
microstructure and organization, other diffusion metrics are sensitive to specific 
processes and changes to different pathologies. Axial diffusivity (AD) quantifies the 
amount of water diffusion along the primary direction of the tract (the primary eigenvalue 
of the diffusion ellipsoid). Radial diffusivity (RD) quantifies the water diffusion 
perpendicular to the tract (by taking the average of the two other eigenvalues). Together 
these two measures can isolate changes due to axonal disruption itself and/or changes in 
myelin or axonal packing, respectively [55].   
These diffusion metrics can be quantified in a number of different ways 
depending on the research hypothesis. Each metric can be quantified in a pre-determined 
region of interest within the white matter and compared within a single subject over time 
or between groups of subjects. This approach can be generalized to quantify average 
diffusion metrics within atlas-based white matter tract probability maps based on large 
groups of healthy subjects. While these approaches can yield very useful information, 
they are limited in their ability to resolve heterogeneous white matter structural 
organization and crossing fibers. Extracellular and intracellular diffusion influence these 
diffusion metrics and with thousands of neurons present in a single voxel interpretation 
can be difficult. These measures are very sensitive to changes in microstructure (axonal 
integrity, layers of myelin, debris, and inflammation) and organization (number, density 
and orientation of axons). However, they are non-specific where a particular change in a 
single diffusion measure can reflect multiple potential changes or simultaneous ongoing 
non-neuronal processes. For example, a decrease in FA may reflect (a) damage to axons 
or (b) myelin where water is able to diffuse in a more isotropic manner, (c) crossing tracts 
where the average orientation is less uniform, or (d) increased extracellular water content.  
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Figure 1-3: (A) Diffusion-weighted image with a red box indicating a voxel in the 
cerebral spinal fluid (left) and a major white matter bundle (right) with (B) an illustration 
of the diffusion of water molecules in the indicated region and (C) the diffusion ellipsoid 
representing the diffusion tensor. 
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1.5.4  Tract-based Spatial Statistics 
Tract-based spatial statistics involves a series of steps that aim to ensure multiple 
subjects’ diffusion data can be reliably registered and compared [56]. A skeletonized 
white matter or tract-based map must be created to standardize images and limit analysis 
to primarily tracts. To do this the FA images described above are eroded, where top and 
bottom slices are removed to avoid possible outliers and artifacts. Next, the FA images 
are non-linearly registered to the FMRIB58 FA image, for example, and transformed to 
standard space (1 mm isotropic). Finally, a threshold is applied to the FA images which 
are concatenated across all subjects in order to create a skeletonized four-dimensional 
image that can be analyzed using voxel-wise spatial statistics to compare diffusion 
metrics between groups of subjects. Voxel-wise non-parametric iterative permutation 
tools within the Functional Magnetic Resonance Imaging of the Brain (FMRIB) Software 
Library (FSL) [57] provide a way to iteratively compare data using a general linear model 
and create statistical maps (ex. T-statistics, p-value or significance, and corrected p-
values that correct for the number of voxels being compared). 
  
1.5.5 Diffusion Tractography 
Diffusion tractography is an iterative approach that utilizes the diffusion tensor to 
repetitively model and predict the probability of structural white matter or streamline 
connections on a voxel-wise basis. Two main approaches used are deterministic and 
probabilistic tractography, where the latter assumes a distribution of orientations at each 
voxel [108] instead of a single orientation like deterministic tractography and is therefore 
able to model the data more accurately. There are several different approaches to build 
this probabilistic streamline distribution and model the tracts depending on the specific 
research aims and hypotheses. One can model the probabilistic streamlines from a single 
voxel or region of interest (group of voxels) to the rest of the brain as a whole, using a 
specified path or direction via a waypoint mask, or to a desired endpoint region. The user 
can also specify how many streamlines to model at each voxel with a region of interest. 
The primary orientation or diffusion tensor primary eigenvector will inform and limit the 
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model to follow along from one voxel to the next surrounding voxel. The probabilistic 
streamline will only continue if an adjacent voxel does not change primary orientation by 
more than 80 degrees from the previous voxel. Using this approach one can assess if the 
number of probabilistic streamlines has changed from or between regions of interest or 
quantify the probability that two cortical regions are structurally connected.  
 
1.6 Resting State Functional MRI (RS-fMRI) 
Functional MRI (fMRI) is a powerful technique that is sensitive to changes in 
deoxyhemoglobin concentrations over time. The transfer of neuronal signals within the 
brain involves the transmission of action potentials through the movement of 
neurotransmitters using ion channels and sodium potassium pumps. The brain consumes 
a disproportionate amount of energy required to maintain concentration gradients for 
action potentials and provide energy for glial cells. Energy is regulated and provided 
through the vasculature, which also transports oxygen that is carried by the hemoglobin 
molecule found in red blood cells. The properties of deoxyhemoglobin combined with its 
strong association with changes in neuronal activity make fMRI an incredible tool to 
assess what regions of the brain are active during specific tasks or the intrinsic functional 
architecture of the cortex during “rest” where no specific task is being probed.  
 
1.6.1 Blood Oxygen Level Dependent (BOLD) Signal 
The blood oxygen level dependent (BOLD) or fMRI signal is based on the 
paramagnetic properties of deoxyhemoglobin that perturb the local field in contrast to 
oxygenated hemoglobin that is diamagnetic [58]. The most common approach to rapidly 
acquire fMRI data is through gradient echo EPI sequences because of the sensitivity to 
the apparent T2 relaxation or T2*. T2* weighting encompasses the effects of both the 
transverse T2 spin-spin relaxation as well as the effects of local magnetic susceptibility 
and field inhomogeneities. Deoxyhemoglobin is paramagnetic and has a relatively short 
T2* resulting in a lower MR signal than oxygenated blood.  
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In task-based fMRI an experiment can be based on the changes in BOLD signal 
temporally and spatially downstream from the specific area of the cortex that is active 
during a repeated task compared to block periods of rest. At the onset of neural activity 
there is a local increase in oxygen consumption and a brief increase in the concentration 
of deoxyhemoglobin resulting in an “initial dip” of the BOLD signal [59]. Through 
neurovascular coupling mechanisms, the vessels respond with an increase in cerebral 
blood flow and vessel volume resulting in a fourth order change in blood flow (Figure 1-
4). The hemodynamic response results in an influx of oxygenated hemoglobin to the site 
that causes a relative decrease in the effects of paramagnetic deoxyhemoglobin and an 
overall increase in the BOLD signal.  
 
1.6.2 The Brain at Rest 
In this thesis I will focus entirely on resting state fMRI (RS-fMRI) where we 
assess the fluctuations of the BOLD signal across the whole brain over time without any 
explicit task or stimulus. Fluctuations in the BOLD signal during rest were first assumed 
to be due to system noise and physiological signals. While this was true of the high-
frequency fluctuations, the power spectrum of RS-fMRI follows an inverse relationship 
with frequency. Low-frequency RS-fMRI fluctuations are highly correlated with direct 
neuronal recordings in animals and non-human primates (i.e. local field potentials and, to 
a lesser extent, spiking activity). In the absence of any task, low frequency RS-fMRI 
fluctuations are correlated amongst reproducible and functionally related regions of the 
cortex allowing us insight into how the brain is organized and communicating [60]. 
Cortical regions communicate with one another dynamically. Correlated BOLD signals 
represent synchronized activity through direct structural connections or indirect 
communication through highly connected regions or network hubs, for example, that 
relays signals from one remote brain region to another. By measuring RS-fMRI activity 
over a long period of rest we can examine average functional architecture, resting state 
networks, and specific region-to-region functional connectivity. All of these concepts will 
be discussed in detail throughout the following sections.    
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Figure 1-4: The blood oxygen level dependent (BOLD) effect in the simple case of task-
evoked neural activity. Increased neural activity and oxygen demands cause blood flow 
and vessel volume increases that result in an increase in local oxygenated blood (bright 
red) and an increase in the MR signal. Image of neurons adapted from “Cortical Neurons 
Handshake” Canson Aquarelle Rage Giclée print. 
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1.6.3 Preprocessing 
Data preprocessing is of particular importance when considering RS-fMRI data 
due to the nature of the incremental BOLD percentage signal changes amidst 
physiological and noise artifacts. There are several preprocessing approaches that are 
considered standard in the field and applied consistently throughout the literature. Brain 
extraction is one of the first steps where non-brain tissues like the skull, meninges, neck, 
and head are removed leaving just the brain for further analysis. This is performed on the 
functional volumes as well as the anatomical T1-weighted images that will be used for 
high-resolution registration purposes. Freely available software packages like FSL or 
SPM provide simple functions that perform brain extraction, but the parameters used 
need to be customized for each individual image. Depending on the field of view of the 
image, setting parameters like the center of gravity or approximate coordinates of the 
center of the image can aid in accurate extraction of the brain tissues. These can be 
iteratively explored until the best estimate is reached. One can also set how aggressive 
the brain extraction will be. When considering an anatomical image the contrast and 
spatial resolution allow for very precise extraction of the brain and discrimination of the 
different tissue boundaries for estimation of tissue volumes. Functional images have 
relatively low resolution, slight warping effects and motion from volume to volume that 
can make accurate brain extraction difficult. It is just as important to not erroneously 
remove brain tissue, especially considering that the ribbon of cortical gray matter lies 
near the pia mater, meninges and skull.    
Additional preprocessing steps include smoothing, high pass temporal filtering 
and motion correction. Spatial smoothing has two main purposes. First, it increases the 
signal to noise ratio by applying a Gaussian filter to smooth single voxel intensities. The 
amount of filtering chosen can vary from study to study based on the research hypothesis 
and higher-level analysis approaches (i.e. comparing whole brain resting state networks 
vs. a seed-based approach with very specific a priori region). A full width half maximum 
of 5-10 mm is commonly used to smooth the data. A band pass filter can be used to 
reduce the effects of very high or low frequencies that are unrelated to the underlying 
neuronal activity. A high pass temporal filter of 100 seconds (0.01 Hz) is applied to 
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remove low frequency scanner drift. A low pass temporal filter can also be optionally 
used to remove high frequency physiological and noise signals, and while the BOLD 
fluctuations are low frequency in nature the exact threshold for a low pass filter is 
ambiguous. To avoid erroneously removing real data, other additional preprocessing 
steps can be applied to remove high frequency noise. One approach that is becoming 
more common is to simultaneously record physiological signals like respiration and 
cardiac pulse in order to regress those signals from the fMRI data. There are also data-
driven approaches in lieu of this physiological data that can be used to clean the data that 
will be discussed in detail below.    
Motion correction is an extremely important step for RS-fMRI because the BOLD 
signal we are interested in investigating has less than 5% signal fluctuations and our aim 
is to look at correlations over time between voxels. Movement can create false-positive 
correlations and can also corrupt real correlated BOLD activity, especially because the 
activity is primarily located within the cortex. Motion correction involves linear 
registration with 12 degrees of freedom between each fMRI volume to the middle 
volume. This will align each volume together and remove the effects of gross head 
movement. However, subtle movements like swallowing or vibration can be difficult to 
deal with. Motion parameters detailing the movement from volume to volume, signals 
from the cerebral spinal fluid and the white matter can be integrated into a general linear 
model of the data and be regressed from the data. If there is motion near the beginning or 
end of the scan the remainder of the scan may be salvageable by truncating the dataset 
and analyzing the portion clear of large motion. However, if motion is too excessive 
throughout the scan more extreme measures need to be considered. It is generally 
accepted that motion exceeding the size of a voxel is unacceptable and has to be omitted. 
Other thresholds have been used including less than 1 mm of motion or 0.55 mm relative 
mean displacement over the course of the entire scan [61].   
More advanced pre-processing involving independent component analysis (ICA) 
can deal with subtle motion artifacts and remove cerebral spinal fluid and white matter 
signals. ICA is an analysis technique that decomposes data into a number of independent 
components that describe the variance of BOLD signals over time. ICA denoising 
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involves decomposing the RS-fMRI data into an optimized number of components based 
on automatic dimensionality calculations that estimate the latent dimensionality of the 
data. The components are characterized with associated spatial maps and time courses. 
This technique will be discussed in more detail in the following sub-sections. Some 
example components are shown in Figure 1-5 and a comprehensive overview of how to 
determine noise components is outlined by Griffanti and colleagues [62]. Briefly, each 
component is examined taking note of what regions are active and the frequency 
spectrum of the associated time course. If the component has voxels outside the brain, 
within the ventricles, within the white matter or if the component’s time course has a high 
frequency profile then that mode of variation is most likely due to physiological signals 
or noise due to motion rather than neuronal activity.  
Once the data has been preprocessed and denoised, there is one final step before 
higher-level analyses can take place. If there are significantly large pathologies, 
significant atrophy or brain volume changes, one can quantify simple functional 
connectivity measures on an individual basis and compare groups. However, registration 
of all subject’s functional images together to a standard template is the optimal way to 
compare groups of subjects over time and ensure that the same regions are consistently 
being investigated. It can also allow for more advanced data-driven analysis and 
modeling. Two-stage affine linear registration will first register the brain-extracted 
anatomical T1 or T2-weighted anatomical image with a standard reference template. The 
most commonly used standard reference template is the Montreal Neurological Institute 
reference brain based on high-resolution scans from 152 healthy subjects (MNI152). A 
matrix describing the transformation from anatomical or scanner space to MNI space is 
created. Then the echo planar images (i.e. resting state functional data) are registered to 
the original anatomical image. And finally, the two transformation matrices are 
multiplied to create a final transformation matrix. This will transform (i.e. re-slice) the 
four-dimensional functional data to a shared standard space.  
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Figure 1-5: Independent component analysis denoising. (A) Time course, frequency and 
motion profile for component 1 and (B) the corresponding spatial map indicating a 
component related to subtle amounts of regular motion (possibly breathing). (C) Time 
course and frequency profile [same axis labels from (A)] for two components that isolate 
the signal from the (D) white (left) and CSF (right), respectively. These examples would 
be considered noise and linearly regressed from the RS-fMRI data. 
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1.6.4 Functional Connectivity and Resting State Networks  
Once the data has been preprocessed, it can be analyzed to assess what regions are 
related to each other through synchronous low frequency BOLD fluctuations over time. 
Functional connectivity is defined as correlated signals from spatially remote brain 
regions. The functional connectivity between voxels, regions of interest of atlas-based 
anatomical regions can be assessed using correlation analyses between two or more 
functional time series. These relationships indicate some possible interaction or 
communication between distal regions throughout the brain. 
The brain is intrinsically organized into a series of resting state networks (RSN) 
that involve non-contiguous cortical regions that communication with each other through 
synchronized BOLD fluctuations. RSNs involve different, sometimes distal, regions that 
mimic functionally relevant organization of the cortex [63]. These networks are 
reproducible in healthy subjects and have demonstrated alterations in patient populations 
due to pathology, injury, or disease. Functional connectivity methods can be used to 
isolate and interrogate the functional architecture of these networks. Placing a seed region 
within a network node and correlating the time series with the rest of the brain on a 
voxel-wise or atlas-based regional basis will render significantly correlated regions that 
encompass that resting state network. This approach is advantageous for hypothesis-
driven designs where a specific region of the brain is of interest, however comparisons 
between subjects and groups are confounded by exact seed placement.  
Resting state networks can be derived from the data itself using ICA techniques 
once again on the preprocessed RS-fMRI data. Probabilistic independent component 
analysis decomposes multi-dimensional data into a series of spatial maps and associated 
time series that describe the spatial-temporal modes of variation as follows: 𝑥! = 𝐴𝐵! +  𝜂! 
where 𝑥 is the time series at each voxel location 𝑖, 𝐵 is a mixing matrix that will be 
estimated from the data, 𝐴 is the associated time series or sources uncovered from the 
temporal modes of variations and 𝜂 is the noise per voxel. By assuming that the noise 
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covariance at each voxel is isotropic, independent component analysis will iteratively 
estimate combinations of the mixing matrix that represents the spatial maps associated 
with the temporal modes of variation. RS-fMRI data can be described as a matrix with 
dimensions of time and space. By temporally concatenating functional MR images from 
all subjects, one can decompose the data into a number of specified independent 
components with associated time series and spatial maps (Figure 1-6). 
 
 
Figure 1-6: Independent component analysis summary. Resting state functional MRI 
data is concatenated across time from all subjects and decomposed into a series of 
components that represent the primary modes of temporal variation. Each component has 
an associated spatial map and representative time series. 
 
Choosing an ideal model order (i.e. the number of independent components) 
depends on the research hypothesis and what networks are of interest. The most widely 
used set of RSNs are described by Smith and colleagues and include the medial, lateral, 
and occipital visual networks, the default mode network (DMN), somatosensory, 
executive, auditory, cerebellar, and two fronto-parietal networks [64]. Others describe 
more fine detail including sub-networks, less reproducible networks or those that do not 
have an obvious association with functionally relevant architecture. Once average 
networks across all subjects are obtained through temporally concatenated ICA, dual 
regression algorithms can be used to back-project the data and create subject-specific 
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RSNs that can be analyzed for group difference, single-subject differences or used to 
investigate individuals over time. Spherical regions of interest can be used to explore 
specific functional connectivity strengths between ICA-derived network hubs or between 
entire networks themselves (i.e. average connectivity across all network regions). 
 
1.7 Higher-Level Analyses of Multiparametric MRI 
The capabilities of multiparametric MR imaging are apparent, yet the analysis and 
interpretation of these measures are complex. This field of research has grown 
exponentially over the past two decades and one of the major focuses moving forward 
has been how to accurately analyze and interpret this high-dimensional data. Once 
images have been preprocessed and parameters of interest have been mapped, the 
neurobiological underpinnings driving the changes remain difficult to infer. However, 
because the image parameters likely influence one another the temporal and spatial 
relationship between image maps can be very useful. Some higher-level analyses 
approaches will be discussed including spatial relationships, correlation, and linked 
independent component analysis.     
  
1.7.1 Spatial Relationship 
One of the most intuitive approaches to understand different image maps and their 
relationship with one another is to investigate if the significant changes are spatially 
overlaid or near each other. For example, if there were changes in diffusion measures 
within a specific region of interest along a white matter tract then one would expect that 
this might influence functional connectivity between cortical regions that are physically 
connected by that affected tract.  
By applying diffusion tractography analysis (described in Section 1.5.4) one can 
repetitively model the streamlines, based on the primary diffusion vector, from a single 
region of interest to (a) the entire brain, (b) along a specified direction using a waypoint 
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mask or (c) to another specified end point. If there are two cortical regions with a 
significant change in functional connectivity, the streamlines connecting those two 
cortical regions can be modeled. The number of successful probabilistic streamlines that 
reach the target or a diffusion metric characterizing the connecting tract’s integrity can be 
quantified and compared.  
Though each MRI metric is useful, there is no simplistic explanation that one 
measure can provide alone. Even when comparing metrics derived from the same image 
(ex. diffusion metrics like axial and radial diffusion) merging the data together 
analytically can be advantageous when attempting to understand complex, multi-faceted 
injuries and the brain’s possible recovery strategies. Though this is further confounded by 
the complexities of modeling crossing fibers and the indirect nature of fMRI, if there are 
overlapping changes in other parameters it can aid in narrowing these possibilities.   
   
1.7.2 Correlation 
Correlation analysis can be a simple but useful approach to help in understanding 
the neurobiology as well as the clinical implications of any imaging changes. Correlation 
between clinical measures and images can be approached in a number of different ways 
from specific parameters within relevant regions of interest to identifying where they 
correlate across the whole brain. If there is pathophysiology or previous literature that can 
form focused hypotheses then the number of comparisons required is minimized along 
with false negative rates. However, for diseases and injuries that are not visible through 
standard anatomical imaging, have limited previous research or inconsistent findings, a 
clear hypothesis focused on a particular region can be difficult and overly limiting. A 
focused analysis may occlude discoveries within new cohorts studied with heterogeneous 
research designs and technical approaches. There needs to be a balance between false 
positive and negative rates by both minimizing and correcting for multiple comparisons. 
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1.7.3 Data-driven Conjunctive Analysis 
While interrogating the multiparametric data manually can provide important 
insights of the overall neurobiology that each parameter is sensitive to, this can be 
particularly difficult with more complex study designs. Furthermore, when considering 
heterogeneous athlete populations, injuries, and recoveries more advanced data-driven 
processes may be an advantageous and more reliable approach to characterize the 
multiparametric imaging changes and modes of brain structure-function variation. There 
are a number of available mathematical approaches to analyze multiple parameters of 
interest throughout the brain simultaneously. These data fusion techniques take advantage 
of two important facts: (a) that each image-derived metric provides a limited view of the 
underlying processes and (b) that the brain’s structure and function are highly related and 
influence one another directly. Linked independent component analysis (LICA) is one 
such technique that utilizes ICA methodology (described above) to investigate the shared 
inter-subject variance across multiparametric imaging maps [3]. LICA assumes (a) the 
noise floor is homogeneous across all voxels, (b) the changes are linear, and (c) that 
signals vary with constant, unchanged position (i.e. important when considering atrophy). 
Instead of concatenating images across time, like in resting state fMRI for 
denoising or identifying RSNs using temporal concatenated ICA, 2D image maps (ex. 
diffusion parameters, anatomical MR images, resting state network connectivity maps, or 
other imaging modalities) are registered to the same standard space and concatenated 
across subjects, using the same subject order. So building on the equation presented in 
section 1.6.3, spatial maps Y for different modalities (or image maps) k with n voxels are 
concatenated across m subjects (instead of time like temporal ICA):  
𝑌 !,! !  =   𝑋 !,! !!! ! ! 𝑊 ! !𝐻 !,! +  𝜂 !,! !  
resulting in a series of linked independent components 𝑝. Each component consists of a 
spatial map X from each image modality or MRI parameter 𝑘, an associated fractional 
contribution W for each parameter contributing to the linked component, and a matrix H 
that contains common component weights. These component weights represent how an 
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individual subject expresses or relates to a particular linked component. These component 
weights can be used to relate to clinical scores, understand multiparametric differences 
between subject groups, monitor an individual subject with repeated data over time, or to 
understand the influence of other factors like age at the time of the scan. Linked 
independent component analysis has been used to examine the linked variation of brain 
structure and diffusion properties across the lifespan [65], neurobiological modes of 
variation related to neurodegenerative diseases like Alzheimer’s disease [4] and have 
been related to attention deficit/ hyperactivity disorder (ADHD) [66,67]. 
 
1.8 Multi-modal Neuroimaging of Concussion 
One of the major challenges in understanding mild traumatic brain injury or 
concussion is that there are many time-dependent physiological processes that may take 
place in the brain. A single mechanism is simply not sufficient to describe the changes in 
different structures, metabolism, and vasculature function. Therefore, multi-modal studies 
combining different approaches and models while integrating previous knowledge are 
necessary to understand the multi-faceted cascade of brain changes acutely and 
longitudinally post-concussion [8]. Stretch-induced injury of individual nerves can result 
in disruption of axonal integrity through changes in myelin, breaking of the axon itself or 
microtubules and formation of retraction bulbs within hours of injury [68]. Axonal injury 
may result in or be accompanied by inflammatory responses, impairment of 
autoregulation, neurovascular coupling or changes in metabolism. While some of these 
changes are known to resolve within hours or days after concussion, there are persistent 
and inconsistent changes discernible using advanced neuroimaging techniques in many 
different sports across all levels of play. There are inconsistent imaging findings post-
concussion for a variety of reasons including the use of variable control groups, limited 
sample sizes and for longitudinal studies focusing on different time-sensitive changes 
post-concussion. 
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1.8.1 Animal Models 
While advanced neuroimaging techniques can provide valuable insight of the 
brain changes associated with concussion or repetitive brain trauma, studies are 
inherently limited because of the heterogeneity between concussed athletes. Concussion 
diagnosis depends in part on self-reported, highly variable symptoms that arise from 
different injury mechanisms. These mechanisms vary in the direction and magnitude of 
forces and accelerations to the head, the immediate reaction of the individual and their 
awareness of an incoming impact, neck strength, previous concussion history, and 
recovery approach. Animal models can provide a way to control the mechanics and 
severity of impacts and allow for direct confirmation of underlying neuropathology 
giving rise to any imaging changes through histological investigation at different times 
post-injury [1]. 
Animal models of concussion are primarily small animal models (ex. mice and 
rats) with some of the initial method development and a minority of current studies using 
larger animals like pigs or sheep. There are different approaches that attempt to mimic 
human-relevant traumatic brain injury (TBI) of all severities from mild to more severe 
injuries. These include weight-drop models, controlled cortical impacts, and fluid 
percussion models with open or closed-head approaches. Despite their flexibility and 
control of heterogeneous factors leading to mTBI, there are several limitations associated 
with these models. Anesthetic is often used during impact delivery and imaging which 
may alter cerebral blood flow, cellular signaling and metabolism differentially in both the 
healthy and concussed brain. There are also important limitations to consider when 
translating findings from animal to human models including general head and neck 
structure when receiving impacts, more advanced brain structure and it’s reaction to 
rotational accelerations. For sports-related concussions it is important to understand 
concussions in context, as they are likely amidst repetitive subclincal impacts. 
There are many multi-modal animal studies that have considerable advantages in 
characterizing neuropathology at the cellular level at multiple time points post-injury 
while combining with non-invasive imaging methods that can aid in interpretation of 
future human neuroimaging studies. Neuroinflammation, axonal disruption or damage 
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(commonly referred to as diffuse axonal damage or traumatic axonal injury), 
demyelination, as well as evidence of excessive myelin and remyelination, and 
cerebrovascular alterations have been observed. These are often related to cognitive and 
behavioral alterations as well as multi-modal neuroimaging measures. In an mTBI mouse 
model using a closed head approach, electron microscopy revealed acute axonal 
degeneration and demyelination followed by remyelination and excessive myelin 
fragments during the first 6 weeks of recovery [69]. Myelin has many functions including 
facilitating signal transfer, and appears to play a role in neuroprotection and recovery. 
Animal studies have isolated differential effects of TBI on myelinated compared to 
unmyelinated nerve fibers, where unmyelinated axons showed more severe suppression 
of evoked potentials with evidence of irreversible damage and excess debris [13]. 
Merging histological and diffusion imaging approaches has revealed similar patterns and 
validated the use of radial and axial diffusivity measures to relative changes in myelin 
properties and axonal damage, respectively [55,70]. Diffusion imaging of mice and rat 
animal models of mild, moderate and severe TBI have reported changes in diffusion 
properties in the corpus callosum both acutely and persistently after a single TBI [71] and 
repeated mTBI [72]. Translation of this in vivo information will continue to improve as 
the impact models used in animals continues to optimize towards a closer replication of 
the sports-related impacts humans experience.  
 
1.8.2 Human MRI Studies of Concussion 
There has been a large amount of research focused on concussion within the past 
30 years due to increased awareness and diagnosis of concussion, and the findings of 
neurodegenerative processes in professional and amateur athletes (see Section 1.3.4). 
While there are findings of decreased cerebral blood flow post-concussion [73–75], 
relative decreases in brain metabolites [76] and altered EEG signals [77–79], here I will 
focus on studies that have used diffusion tensor imaging and resting state functional MRI 
to study mild traumatic brain injury or concussion due to sports-related injuries (Table 1-
1 provides a non-exhaustive summary).  
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Table 1-1: Summary of diffusion tensor imaging (DTI) and resting state functional (RS-
fMRI) studies of mild traumatic brain injury in humans. The “Study” column’s numbers 
refer to the corresponding number in the reference section. PC = post-concussion. 
 
Study Concussed 
group 
Control 
group 
Method Timing and age 
range 
Findings 
[80] Football 
player (n = 
1)  
Injured 
(orthopedic
) and 
uninjured 
controls of 
contact (n = 
6) and non-
contact (n = 
6) athletes 
DTI < 72 hours PC, 
ages 18-31 
Greater number of voxels 
with significantly changing 
FA or MD in contact athletes 
post-season compared to 
pre-season, significantly 
greater still for the 
concussed individual 
[81] Ice hockey 
players (n = 
12)  
Active 
controls (n 
= 10) 
RS-
fMRI 
< 2-months PC, 
ages 13-17 
Increased connectivity in 
executive control and ventral 
attention RSN, altered DMN 
connectivity (including 
increased posterior cingulate 
cortex connectivity) 
[82] Soccer, 
hockey and 
water polo 
(n = 10) 
Non-
concussed 
hockey and 
soccer 
players (n = 
8) 
DTI 6 months PC, 
ages 19-23 
Lower MD, AD, and volume 
of the anterior portions of 
the corpus callosum 
[83] Mild 
traumatic 
brain injury 
(n = 10)  
Control 
group (n = 
10) 
DTI Within 1-6 days 
PC, ages 14-19 
Lower MD, RD, increased 
FA in multiple white matter 
tracts and thalamus 
[84] Football, 
wrestling, 
pole 
vaulting, 
lacrosse, 
Rowing, 
softball, 
football, 
cross 
country, 
DTI At least 1-month 
PC (up to 200 
days), ages 18-
23 
Increased MD, FA changes 
only present in moderate and 
severe subjects (n = 5) 
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rugby, 
soccer, and 
hockey (n = 
10)  
field 
hockey, 
wrestling 
and soccer 
non-
concussed 
(n = 10) 
[85] Lacrosse, 
football, 
softball, 
hockey, 
basketball 
(n = 9) 
Lacrosse, 
swimming, 
track and 
field, 
hockey, 
volleyball, 
gymnastics 
(n = 12) 
RS-
fMRI 
Within 6 months 
PC, ages 18-22 
Increased seed-based 
connectivity with 
dorsolateral prefrontal cortex 
and anterior cingulate cortex 
in concussed athletes 
[86] Football 
players (n = 
18) 
Football 
players (n = 
10) 
DTI Within 1-6 days 
and 6 months 
PC, ages 20-24 
Increased FA, decreased MD 
and AD in corpus callosum 
and corticospinal tract at 
both time points 
[87] Rugby, 
lacrosse, 
ice hockey, 
rugby, 
volleyball, 
cheerleadin
g, tennis, 
diving, 
football, 
fencing (n 
= 14) 
Gymnastics
, field 
hockey, 
swimming 
(n = 15) 
RS-
fMRI 
At medical 
clearance 
approximately 
10 days PC 
Decreased number of 
connections between the 
DMN and the rest of the 
brain, correlated with 
concussion history. 
[88] Mild 
traumatic 
brain injury 
(n = 28) 
Control 
group (n = 
28) 
DTI Within 21 days 
PC 
Increased FA and decreased 
RD in the genu of the corpus 
callosum 
[89] Mild 
traumatic 
brain injury 
(n = 15) 
Healthy 
controls (n 
= 15) 
DTI Within 21 days 
PC, a subset 
returned for a 
follow-up at 3-5 
months PC 
(ages 10-17) 
Increased FA at both time 
points in many portions of 
white matter tracts including 
the corpus callosum 
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[90] Mild 
traumatic 
brain injury 
(n = 27) 
Healthy 
controls (n 
= 26) 
RS-
fMRI 
Within 21 days 
with subset of 3-
5 month follow-
up, ages 20-34 
Decreased connectivity 
within the DMN and 
increased between DMN and 
lateral prefrontal cortex only 
acutely PC 
[91] Mild 
traumatic 
brain injury 
(n = 39) 
Healthy 
controls (n 
= 40) 
DTI Within 16 days 
of injury, a large 
subset returned 
for 1 year 
follow-up, ages 
20-64 
Found lower and higher FA, 
correlations with specific 
neurocognitive measures 
[92] Mild 
traumatic 
brain injury 
(n = 24) 
Healthy 
controls (n 
= 17) 
RS-
fMRI 
Within 3-53 
days PC, ages 
22-56 
Increased thalamic RSNs 
and decreased symmetry 
[93] Mild 
traumatic 
brain injury 
(n = 10) 
Healthy 
controls (n 
= 10) 
DTI Within 1-6 days 
PC, ages 14-19 
Increased FA, decreased MD 
and RD that correlated with 
symptoms 
  
 
1.8.3 Brain Imaging Changes Associated with Repetitive Sports-
Related Impacts 
While the brain imaging changes associated with concussion are somewhat 
expected, at least acutely post-concussion, there have also been cognitive and 
neuroimaging alterations observed in healthy, non-concussed athletes compared to 
controls [94] and longitudinally between the beginning and end of a season of contact 
play [95]. Depending on the timing, age or level of play of the athletes and type of 
neurocognitive testing implemented, there have been reports of no clinical deviations in 
college football athletes throughout the season [96,97], subtle alterations in learning 
ability in football and hockey college level athletes compared to non-contact athletes 
[29], and inhibited attention and visual-motor performance in rugby athletes compared to 
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non-contact controls [98]. Other studies that have discerned healthy non-concussed 
athletes with and without cognitive changes related to the numbers of impacts they 
experienced during the high school football season [99]. Importantly, concussion may 
involve persistent changes and is generally under-reported, so it is unclear what is 
responsible for the differences found between contact and non-contact sports athletes.  
 The brain changes underlying these cognitive changes remain unclear. Using a 
fluid percussion rat injury model, there have been acute neuroinflammatory processes 
observed after a single subclinical impact, without any evidence of axonal damage or 
behavioral changes [100]. MRI studies of healthy athletes experiencing subclinical sports 
related impacts have reported increased and decreased resting state fMRI connectivity 
with the DMN and other regions [101,102], with some connectivity properties being 
specific to those with a history of concussion [103,104]. Diffusion imaging has also 
revealed changes in diffusion parameters between contact and non-contact athletes [105], 
transient changes throughout the season [28,29,106], and relationships with clinical 
measures or impact measures [107] in football, soccer, and ice hockey. The brain changes 
associated with these seemingly innocuous but repetitive impacts may have a cumulative 
effect on ongoing brain development and future brain health.   
  
1.9 Thesis Objectives and Hypotheses 
The high-level objective of the work presented in this thesis is to provide a more 
comprehensive understanding of the acute and longitudinal brain imaging changes 
associated with sports-related concussion and contact sports. Multiparametric MRI can 
provide a wealth of information about the underlying microstructural and related 
functional connectivity changes. We hypothesized that resting state functional MRI and 
diffusion tensor imaging would be sensitive to acute brain alterations following 
concussion. While concussion-related symptoms recover relatively quickly (on the order 
of weeks) we hypothesized that MRI alterations would persist beyond clearance to return 
to play. Given the existing literature, we also hypothesized that athletes receiving regular 
subclinical impacts and high rotational forces would also demonstrate diffusion and 
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resting state functional connectivity abnormalities and would be correlated with 
concussion history throughout adolescence. The following paragraphs will detail the 
specific objectives and hypotheses I will focus on throughout the next three chapters. 
Chapter 2 of the thesis will focus on a longitudinal case-control cohort of 
adolescent hockey players with and without concussion. Our objectives were to 
investigate diffusion metrics along major white matter tracts, whole-brain and network 
level functional connectivity changes, as well as concentrations of relevant metabolites. 
We compared healthy athletes to concussed athletes within 24-72 hours and three months 
of their injury. We hypothesized that there would be acute brain changes in concussed 
athletes that would correlate with acute symptoms. We further hypothesized that there 
would be changes to microstructure, compensatory functional connectivity patterns and 
metabolite concentration changes that persist beyond clinical recovery. 
Chapter 3 continues with a much larger dataset of female varsity rugby players. 
Our objective was once again to evaluate diffusion maps and resting state functional 
connectivity networks in concussed athletes compared to controls using a more 
comprehensive approach across multiple fronts. First, we would acquire longitudinal data 
from our healthy cohort of non-concussed rugby players to better appreciate the effects of 
contact play. Secondly, we would image an additional time point at 6 months post-
concussion and relate to even more remote concussion histories. Finally, we would utilize 
linked independent component analysis to appreciate the co-varying changes in 
functional connectivity and diffusion parameters and better characterize the complex and 
heterogeneous cascade of concussion-related brain changes in a data-driven, unbiased 
manner. We hypothesized that this approach would yield linked signatures of related 
acute and persistent functional connectivity and microstructure changes post-concussion. 
We hypothesized that linked analyses would better characterize the time-dependent 
changes in the brain and enable monitoring of an individual athlete throughout recovery. 
Many of the athletes in this study have a history of concussion throughout adolescence, 
and we hypothesized that particular linked signatures would demonstrate once again that 
concussion instigates long-term changes in the brain’s microstructure and function. 
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Chapter 4 builds upon the work presented in Chapter 3. Given our findings in 
healthy rugby athletes, our objective was to compare to a control group of non-contact 
athletes. We gathered data from varsity-level rowers and swimmers with equally 
demanding practice and competition schedules. Our objectives were to isolate the effects 
of intense exercise vs. contact-play by comparing to non-contact athletes and quantifying 
the number and angular acceleration of repetitive subclinical impacts and rotations these 
athletes experience using wearable accelerometers. We hypothesized that these repetitive 
impacts would result in fluctuations of white matter structural integrity and related 
functional connectivity within rugby players between the in-season and off-season 
compared to age-matched female rowers and swimmers. Finally, we hypothesized that 
concussion history would also affect white matter properties and functional architecture. 
In the final chapter of the thesis I will discuss and summarize the findings of these 
three chapters. I will integrate and compare the findings from each chapter to gain a 
cohesive appreciation of the possible brain changes that underlie the imaging changes I 
have presented. In particular, I will relate the changes we found after concussion across 
our two cohorts of athletes and compare to the findings in the non-concussed rugby 
players relative to the age-sex matched swimmers and rowers while carefully considering 
a history of concussion. The limitations of each of the studies will also be discussed in 
detail and will directly inform future research efforts of sports-related concussion. 
Looking forward, I will explore a number of potential avenues for future work in this 
research area.   
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Chapter 2 
 
2 Multiparametric MRI Changes Persist Beyond Recovery 
in Concussed Adolescent Hockey Players 
Permission to reuse this article was not formally required as it is an open public access 
article. Please see Appendix A. 
Manning KY, Schranz A*, Bartha R, Dekaban G, Barreira C, Brown A, Fischer L, Asem 
K, Doherty TJ, Fraser DD, Holmes J, Menon RS. Multiparametric MRI changes persist 
beyond recovery in concussed adolescent hockey players. Neurology 2017; 89(21): 2157-
2166. doi: 10.1212/WNL.0000000000004669. 
*Ms. Amy Schranz analyzed the MR spectroscopy data and wrote those specific sections. 
 
In this study we aimed to determine if multiparametric MRI data could provide 
insight into the acute and long-lasting neuronal sequelae after a concussion in adolescent 
athletes. Players were recruited from Bantam hockey leagues when body checking is first 
introduced (male, ages 11-14). Clinical measures, diffusion metrics, resting state network 
and region-to-region functional connectivity patterns, and MR spectroscopy absolute 
metabolite concentrations were analyzed from an independent, age-matched control 
group of hockey players (n = 26) and longitudinally in concussed athletes within 24-72 
hours (n = 17) and 3 months (n = 14) after a diagnosed concussion. 
There were diffusion abnormalities within multiple white matter tracts, functional 
hyperconnectivity and decreases in choline at 3 months post-concussion. Tract-specific 
spatial statistics revealed a large region along the superior longitudinal fasciculus with the 
largest decreases in diffusivity measures, which significantly correlated with clinical 
deficits. This region also spatially intersected with probabilistic tracts connecting cortical 
regions where we found acute functional connectivity changes. Hyperconnectivity 
patterns at 3 months post-concussion were only present in players with relatively less 
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severe clinical outcomes, higher choline concentrations and diffusivity indicative of 
relatively less axonal disruption. Changes persisted well after players’ clinical scores had 
returned to normal and they had been cleared to return to play. Ongoing white matter 
maturation may make adolescent athletes particularly vulnerable to brain injury and they 
may require extended recovery periods. The consequences of early brain injury for 
ongoing brain development and risk of more serious conditions like second impact 
syndrome or neural degenerative processes need to be elucidated. 
 
2.1 Introduction 
Concussion remains a critical health problem and the developing brain may be 
uniquely susceptible [1]. In Canada, hockey-related concussions account for nearly half 
of all sports team-related concussions and disproportionately affect adolescents [2]. The 
neuronal mechanisms that underlie concussion remain poorly understood. A complex 
cascade of structural, functional, and metabolic changes are secondary to rotational 
acceleration of the brain [3]. MRI studies have reported neuronal vulnerabilities that 
persist after athletes have been cleared to return to play [4]–[7]. Without full recovery 
players may have increased susceptibility to injury and may be at risk of serious 
conditions like secondary impact syndrome [8]. Therefore, it is essential to understand 
the immediate effects of concussion on the adolescent brain and the nature of any long 
lasting neuronal changes detectable using non-invasive multiparametric imaging. 
In this study, concussed adolescent male hockey players were evaluated 
longitudinally post-concussion and compared to independent, age-matched controls of 
non-concussed players. While clinical measures in this population indicate recovery and 
prompt return to play, given previous imaging findings we hypothesized that there would 
be persistent MRI-detectable neuronal changes that reflect long-lasting damage to white 
matter fibers and compensatory recovery mechanisms. Given this multiparametric MRI 
dataset, we were able to directly relate resting state (RS-fMRI) changes with underlying 
structural abnormalities through diffusion tensor imaging (DTI) [9], brain metabolic 
changes through MR spectroscopy (MRS), and acute clinical deficits.  
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2.2 Methods 
Players diagnosed with a mild traumatic brain injury or concussion (age 13.3 ± 
0.6 years) were assessed within 24-72 hours of their injury (n = 17) and again 3 months 
later (n = 14). An independent group of healthy, age-matched, non-concussed male 
hockey players were assessed and acted as our controls (n = 26, age 13.0 ± 1 years). 
Portions of this study design have been described previously [10]. Ethics approval was 
obtained through the University of Western Ontario’s Health Sciences Research Ethics 
Board. All participants and parents/guardians provided informed written consent.  
 
2.2.1 Study Logistics 
The regular season was approximately 25 weeks, starting the first of October and 
lasting until mid-March. Players on teams that made the playoffs may have played into 
April. On average players practiced twice a week and had a minimum of one game per 
week. An independent group of healthy, age-matched, non-concussed male hockey 
players were assessed and acted as our controls (n = 26, age 13.0 ± 1 years). Most of the 
players had not experienced a diagnosed concussion, and those that had were not 
concussed within the 6 months leading up to the study. Players suspected of a potential 
concussion were assessed at the Fowler Kennedy Sports Medicine Clinic within 24-72 
hours of their injury where an experienced Sports Medicine physician confirmed a 
concussion diagnosis. Concussed players (age 13.3 ± 0.6 years) were assessed within 24-
72 hours of injury (n = 17) and again 3 months later (n = 14). Controls were assessed in 
September, and those who suffered a concussion after enrollment into the study were 
permitted to enroll in the concussion aspect of the study (n = 2). Players were screened 
for participation in the MRI portion of the study and included data from each aspect of 
the study are summarized in Table 2-1.  
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Table 2-1: Total number of datasets included in each portion of the study. 
Data Control 
Group 
24-72 hours 
Post-Concussion 
3 months Post-
Concussion 
Reasons for missing data 
SCAT/ImPACT 26 17 14 Three players dropped out by 
the 3 month timepoint. 
Balance 26 14 13 One concussed player opted 
to not participate in balance 
testing; two 24-72 hour 
datasets were not collected 
due to technical issues with 
the balance board. 
MRI 18 15 13 Two control players were 
claustrophobic, two controls 
were uncomfortable with the 
MRI, and four control players 
had braces; one concussed 
player declined to participate 
and one had braces; 2 
scanned concussed players 
dropped out by the 3 month 
timepoint. 
RS-fMRI 16 14 13 2 healthy controls and one 
24-72 hour post-concussion 
participant moved 
excessively (> 1 mm, relative 
mean displacement > 0.5 
mm) during the RS-fMRI 
portion. 
DTI and MRS 18 12 11 A small portion of post-
concussion data was acquired 
on the Tim Trio scanner and 
only the RS-fMRI data were 
included in the overall 
analysis. The DTI and MRS 
data were excluded for these 
participants because these 
quantitative techniques are 
more sensitive to scanner-
related differences. 
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2.2.2 Clinical Protocol 
Clinical assessment of both controls (n = 26) and concussed players (24-72 hours 
n = 17, 3 month follow-up n = 14) occurred at the Fowler-Kennedy Sports Medicine 
Clinic. Portions of these clinical results have been reported previously [10]. The 
assessment for both groups included a short medical history obtained by a Sports 
Medicine physician including past concussion history, cognitive assessments including 
Sports Concussion Assessment Tool (SCAT 3) and Immediate Post-Concussion 
Assessment and Cognitive Testing (ImPACT), balance testing, and an MRI scan. SCAT 
3 is composed of various sub-tests including cognitive orientation, immediate memory, 
concentration ability, number of errors during balance attempt, coordination, delayed 
recall, number and severity of symptoms [11]. ImPACT is comprised of visual and verbal 
memory composites, reaction time, impulse control, cognitive efficiency index and total 
symptom score [12]. Players who suffered a concussion underwent an examination by a 
physician and were subjected to all the same testing as the non-concussed players. 
However, it should be noted that for concussed players the initial ImPACT testing post-
concussion was performed at the discretion of the physician and was often delayed due to 
the potential for the test to exacerbate symptoms. Players were cleared to return to play 
by the Sports Medicine physician and the number of days to recover was recorded. 
 
2.2.3 Balance Testing 
Balance data were successfully recorded for the control group (n = 26), for 
concussed players at 24-72 hours post-concussion (n = 14) and 3 months follow-up (n = 
13). Two concussed players dropped out of the study by the 3 month time-point, one 
opted not to participate in the balance testing, two initial post-concussion visits were not 
collected due to technical difficulties with the testing platform or the participant was too 
unbalanced to remain on the board. Standing balance was assessed using a pressure 
sensitive balance platform interfaced with a laptop computer using custom-written 
software (Labview 8.5 National Instruments, Austin, TX, USA) and calibrated as per the 
outlined protocol [13]. The platform has a useable surface of 45 cm x 26.5 cm, and has 
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been previously demonstrated to be a valid tool to objectively evaluate balance within 
healthy [13] and neurologically impaired [14] populations. 
The standing balance of each player was evaluated as they stood on the pressure 
sensitive balance platform and completed the following three increasingly complex 
balance tasks that comprise the balance assessment within the SCAT 3 testing protocol: i) 
Double limb stance (standing with feet together side by side); ii) Single limb stance 
(standing on non-dominant foot with contralateral hip flexed to 30° and knee flexed to 
45°), and iii) Tandem stance (standing heel-to-toe with non-dominant limb at the back). 
Each trial lasted 20 seconds and was completed once per testing session. Immediately 
prior to the start of each trial players were instructed to keep their hands on their hips, 
head facing forward with eyes closed, and to stand as still as possible for the duration of 
the trial. All trials were completed with the player in bare feet and 30 seconds of rest 
were provided between successive trials. Balance testing was completed within a quiet 
room housed within the Fowler-Kennedy Sports Medicine Clinic.  
The outcome measures used to quantify balance were the total center of pressure 
length (COPL), the COPL amplitude, and the standard deviation of the COPL in both the 
anterior and posterior directions. These measures have been shown to be a valid and 
reliable indication of postural stability [15]. The COPL was calculated from data acquired 
from sensors within the platform via custom-written software (Labview 8.5 National 
Instruments, Austin, TX, U.S.A.). Data for each individual sensor were streamed to the 
software, with interpolation of the data and the time point of data acquisition ensuring a 
stable 100 Hz sampling rate. To remove signal noise, the data were processed as follows: 
filtered using a 12.5 Hz low-pass filter utilizing a two-level undecimated Symlet-8 
wavelet with the detail levels removed; converted to center-of-pressure coordinates and 
then low-pass filtered at 6.25 Hz using a three-level undecimated Symlet-8 wavelet with 
the detail levels removed.  
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2.2.4 MRI Acquisition 
All MRI data were acquired using a 64-channel human head coil in the 3T MRI 
Tim Trio or Prisma Fit scanners (Siemens, Erlangen, Germany) at the Robarts Research 
Institute. Players were screened for participation in the MRI session. The scan was 
approximately 50 minutes long and involved an MPRAGE (TE/TR = 2.94/2300 ms, TI = 
900 ms, flip angle = 9 ̊, matrix size = 256x256, FOV = 256 mm x 240 mm, Number of 
slices = 160, slice thickness = 1.2 mm) for registration purposes. Turbo spin echo (TSE) 
sequence (TE/TR = 95/5690 ms, flip angle = 120 ̊, matrix size = 320x256, FOV = 220 
mm x 178 mm, Number of slices = 32, slice thickness = 4 mm) and FLAIR (TE/TR = 
139/15000 ms, TI = 2850 ms, flip angle = 90 ̊, matrix size = 256x256, FOV = 256 mm x 
256 mm, Number of slices = 50, slice thickness = 3 mm) were acquired to rule out 
cerebral edema indicative of a more serious TBI. Water suppressed (number of 
acquisitions = 192) and unsuppressed (number of acquisitions = 8) spectroscopy data 
were acquired from the prefrontal white matter ROI using a single voxel point-resolved 
spectroscopy (PRESS) pulse sequences (TE/TR=135/2000 ms, dwell time = 833 µs, 
number of points = 1024, voxel=2x2x1.5 cm3). A diffusion weighted spin echo sequence 
(TE/TR = 79/7200 ms, matrix size = 98x98, FOV = 200 mm x 200 mm, Number of slices 
= 64, slice thickness = 2 mm, b1 = 0 s/mm2, b2 = 1000 s/mm2, gradient directions = 64), 
and a ten-minute resting state functional MRI gradient echo EPI sequence (TE/TR = 
30/2500 ms, flip angle = 90 ̊, matrix size = 80x80, FOV = 240 mm x 240 mm, Number of 
interleaved slices = 45, slice thickness = 3 mm) were also acquired.  
 
2.2.5 RS-fMRI Analysis 
RS-fMRI data were analyzed using FSL (FMRIB Software Library) 5.0.6 
(Oxford, England) with two major aims: (1) to investigate resting state network (RSN) 
reorganization and (2) whole-brain region-to-region connectivity patterns. Standard 
preprocessing steps included brain extraction, a high-pass filter (0.01 Hz), spatial 
smoothing with a 5 mm full width half maximum Gaussian filter, and motion correction 
using linear image registration relative to the middle volume. Data with excessive motion 
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(greater than 1mm maximum displacement or > 0.5 mm relative mean displacement) 
were excluded from further analyses. Preprocessed images were de-noised using single-
session independent component analysis (ICA) and automatic dimensionality estimation. 
Components that were designated as noise (related voxels outside the brain, within the 
corticospinal fluid, primarily high frequency profile, and/or motion artifacts) were 
regressed from the data. Each dataset was registered to standard space using a two-stage 
affine registration technique that first registered the low-resolution functional data to the 
brain-extracted anatomical image, and then to a 2 mm isotropic Montreal Neurological 
Institute (MNI) T1-weighted reference image using 12 degrees of freedom.  
Multi-session temporal concatenation ICA was used to create average RSN maps 
followed by dual regression to generate session-specific networks [16]. In particular, the 
visual occipital pole, default mode (DMN), sensorimotor, executive control and 
cerebellar networks were investigated. FSL’s randomize permutation-testing tool was 
implemented to assess group differences according to a general linear model with 
threshold-free cluster enhancement and multiple comparison Bonferroni-corrected p-
values (p < 0.001). Additionally, a regional connectivity analysis was performed on the 
preprocessed data using the CONN toolbox [17] because of the statistical advantages as 
well as complimenting the network analysis and expanding to look at whole brain 
regional connectivity. Participant-specific CSF and white matter masks were used as 
regressors. Data were parcellated into 136 functionally relevant regions based on the 
Harvard-Oxford cortical atlas and cerebellar regions using the Automated Anatomical 
Labeling atlas. Whole brain region-to-region connectivity differences were assessed 
using false discovery rate (FDR) correction.  
 
2.2.6 Diffusion Tensor and Tractography Analysis 
Raw diffusion data sets were corrected for eddy current distortions and relative 
head motion using eddy. The non-diffusion weighted (b = 0) volume was used to create a 
modestly extracted brain mask. A diffusion tensor was fit voxel-wise using specific 
inputs of the gradient directions and b-values (b = 1000 s/mm2) directly from the scanner. 
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Several diffusion metric spatial maps were created including fractional anisotropy (FA), 
mean (MD), axial (AD) and radial (RD) diffusivity. Based on the John Hopkins 
University high probability white matter tractography atlas [18], these DTI metrics were 
extracted and analyzed within the superior longitudinal fasciculus (SLF), cingulum, 
forceps major and minor of the corpus callosum, uncinate fasciculus, corticospinal tract 
(CST), anterior thalamic radiation, inferior fronto-occipital and longitudinal fasciculus.  
Once tracts with significant changes were identified using a MANOVA, an 
iterative randomization tool within FSL was used to spatially quantify where the greatest 
changes occurred along those tracts, while regressing for age. DTI metrics within the 
regions with the greatest changes were extracted and analyzed. These regions are referred 
to as DTImax and are described in the results. Probabilistic tractography using iterative 
Monte Carlo simulations of principle diffusion tensor vectors were used to quantify a 
probabilistic streamline between regions of interest (ROI). First, probabilistic structural 
connections were investigated between relevant parceled RS-fMRI regions in order to 
spatially relate structural and functional changes. In order to quantify these results, two 
identical spherical ROIs (5mm radius) were placed before and after DTImax (that 
overlapped along the probabilistic tract connecting acute RS-fMRI ROIs that we 
identified, Figure 2-2 A). The probability distribution was displayed per participant and 
quantified the probability of a structural connection between the seed and waypoint 
masks (normalized by the total number of tracts modeled).  
 
2.2.7 Magnetic Resonance Spectroscopy Analysis 
Spectra were post-processed using in-house software to measure absolute N-
acetyl aspartate, choline, creatine, glutamate, glutamine, and myo-inositol as previously 
described [19]–[21]. Briefly, analysis software created in our laboratory in IDL (version 
5.4 Research Systems Inc., Boulder, CO, USA) was used to correct spectral lineshapes by 
combined QUALITY deconvolution and eddy current correction [22]. Spectra were fitted 
in the time domain using a Levenberg-Marquardt minimization routine [19] using prior 
knowledge of metabolic lineshapes. Prior knowledge was acquired from in vitro spectra 
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obtained from aqueous solutions of metabolites prior to the study [19]. We report 
absolute metabolite levels using unsuppressed water from the ROI as an internal standard 
as previously described in detail [19], [21].  Additionally, absolute concentrations 
included a correction for tissue partial volume, and T1 and T2 relaxation related signal 
loss. 
 
2.2.8 Statistical Analysis 
Statistical analysis was performed with a multivariate analysis of variance with 
Tukey post hoc testing using GraphPad Prism (version 6.0). A hypothesis-driven 2-tailed 
Pearson correlation analysis was explored between data that had a significant effect for 
group (p < 0.05 after false discovery rate correction).  
 
2.3 Results 
 
2.3.1 Clinical Results 
The SCAT and ImPACT scores generally reflected symptoms that were present 
and more severe within 24-72 hours post-concussion, and returned to control levels by 3 
months (Figure 2-1). On average, players required 23.6 ± 10 days to recover after their 
injury and be cleared by a physician to return to play, though notably this ranged from 10 
to 46 days. The SCAT symptom score (number of symptoms) and symptom severity 
scores (rated on a scale from 0-6) were significantly elevated within 24-72 hours post-
concussion (Figure 2-1) and 3 month data were significantly decreased compared to the 
acute post-concussion data indicating a return to control levels (F > 28.3, p < 0.0001). 
SCAT cognitive orientation (score based on number of correct answers to five questions) 
was significantly decreased at 3 months post-concussion, however this was not a 
clinically relevant change (4/14 players answered 1/5 basic questions incorrectly). The 
balance composite (the number of errors while attempting to balance) was significantly 
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increased acutely post-concussion and returned to control levels at 3 months. ImPACT 
data was gathered about a week after injury once the physician determined that symptoms 
would not be aggravated by completing the clinical test, however the total symptom score 
remained significantly different from controls (F = 4.7, p < 0.05). ImPACT visual motor 
processing speed improved significantly by 3 months post-concussion, most likely due to 
practice and a learning effect.  
 
2.3.2 Balance Results 
Detailed balance scores revealed deficits in balance performance 24-72 hours 
post-concussion compared to controls while the 3 month follow-up data demonstrated a 
significant recovery to control levels. In particular, there were non-significant increases 
in COPL during double limb stance at 24-72 hours post-concussion (F = 2.84, p = 0.068). 
The amplitude and standard deviation of the player’s sway in the anterior-posterior and 
mediolateral directions were significantly increased 24-72 hours post-concussion (F > 
8.0, p < 0.005) and in the mediolateral direction these metrics decreased significantly by 
3 months (F > 8.3, p < 0.001) and were not significantly different from the controls 
(Figure 2-1).  
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Figure 2-1: Clinical results. Acute clinical symptoms and deficits as well as their 
recovery according to Sports Concussion Assessment Tool (SCAT) results (a-b) and 
detailed balance testing (c-d) with significant ANOVA corrected Tukey post-hoc 
differences shown with a star symbol (p < 0.05). PC = post-concussion, ML = medio-
lateral direction, AP = anterior-posterior, SD = standard deviation. 
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2.3.3 Resting State fMRI Results 
There were a few subtle changes in region-to-region connectivity within 24 to 72 
hours after concussion compared to controls (Figure 2-2 B); however, some were striking 
with a large effect size (0.8) and prompted further analysis to directly relate with our DTI 
findings (Figure 2-2 C). Specifically, there were significant anticorrelations between the 
anterior supramarginal gyrus and areas that mimic the DMN, including the angular gyrus 
and frontal pole (p < 0.05, including portions of the medial prefrontal cortex, Figure 2-2 
C). This was not found in our network analysis, possibly as a result of statistical power 
(voxel-level correction) or the dominance of the frontal pole. There was an increase in 
regional connectivity immediately after concussion compared to controls between the 
cerebellum and parahippocampal gyrus. The significant whole-brain region-to-region 
connectivity changes are shown in Figure 2-4, and similar to the RSN results, there were 
increases in connectivity at 3 months compared to both the control and 24- to 72-hour 
post-concussion groups between regions that complemented our network-level 
connectivity changes.  
We found significant increases in connectivity at 3 months after concussion in 
several RSNs. In particular, there was significantly increased connectivity at 3 months 
after concussion compared to controls with the occipital pole visual network and 
cerebellar network (Figure 2-3, B and C). Compared to 24 to 72 hours after concussion, 
there were significant increases in connectivity by 3 months with the sensorimotor 
network (Figure 2-3 D) and cerebellar network. There was increased DMN connectivity 
at 3 months compared to controls that did not survive statistical Bonferroni correction (p 
< 0.01, Figure 2-3 A), and no significant differences were found within the executive 
control network or between controls and the 24- to 72-hour post-concussion group in any 
network.  
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Figure 2-2: Acute connectivity changes spatially relate with axonal damage. (a) The 
frontal pole (FP) and anterior supramarginal gyrus (aSMG) are shown in yellow, with the 
probabilistic tractography connecting them shown in red. The DTImax region is overlaid in 
blue showing the spatial relationship between structural abnormalities and RS-fMRI 
connectivity. (b) The significant whole-brain region-to-region connectivity differences 
between controls and 24-72 hours post-concussion (PC) where blue indicates a decreases 
and red indicates an increase in region-to-region connectivity (c) The voxel-wise 
connectivity pattern using the right anterior supramarginal gyrus (green arrow) as a seed, 
displaying the enhanced anti-correlation (blue) with the frontal pole and regions that 
mimic the DMN. (pPaHC = posterior parahippocampus, AG = angular gyrus) 
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Figure 2-3: Resting state network hyperconnectivity at 3 months post-concussion. 
Here each column represents the average resting state network (RSN) for each of the 
three groups (scaled by z-statistic), with areas that are significantly more highly 
correlated with that network at 3 months compared to controls (a, b, and c) or 24-72 
hours post-concussion (PC) (d) groups (p < 0.001 unless otherwise indicated where * = p 
< 0.01). Results are shown for the (a) DMN, (b) occipital pole visual RSN, (c) cerebellar 
RSN, and (d) the sensorimotor RSN. 
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Figure 2-4: Region-to-region hyperconnectivity at 3 months. The significantly 
increased connectivity (red lines) are shown here using (a) connectome rings with regions 
labeled around the perimeter and (b) 3-dimensional brain volumes where the colour of 
the spheres and the transparency of the connecting lines indicate the strength of the effect 
using a t-statistic after false discovery rate correction (corrected p < 0.05). (Pre/PostCG = 
pre and post central gyri, MidFG = middle frontal gyrus, dmn.MPFC = medial prefrontal 
cortex, Ver = vermis, Cereb = cerebellum, OP = occipital pole, sLOC = superior lateral 
occipital cortex, SPL = superior parietal lobule, toITG = temporoccipital inferior 
temporal gyrus, pMTG = posterior middle temporal gyrus, TP = temporal pole, HG = 
Heschl’s gyrus, PO = parietal operculum cortex, CO = central opercular cortex, OFusG = 
occipital fusiform gyrus, PaCiG = paracingulate gyrus, MedFC = medial frontal cortex, 
aSMG = anterior supramarginal gyrus) 
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2.3.4 Diffusion Results 
There was a significant main effect for group differences in the CST, cingulum, 
and SLF (F < 4.18, p < 0.05, Figure 2-5). Along the CST, the greatest diffusion changes 
were located inferiorly near the brainstem (p < 0.1), and there were small, more scattered 
maxima along the cingulum (p > 0.1). A large region along the right SLF shown in 
Figure 2-2 had significant MD, RD, and AD changes at 3 months after concussion (p < 
0.01), and a mask was created over this localized hotspot of compromised neuronal 
integrity, DTImax. Within DTImax, the MD and RD values were significantly decreased at 
both 24 to 72 hours and 3 months after concussion compared to controls (F < 10.0, p < 
0.01); furthermore, there were decreases in AD at both time points (F = 6.67, p = 0.060 
and p = 0.003, respectively) with increases in FA by 3 months (F = 3.91, p = 0.025). 
Using the anterior supramarginal gyrus as a seed and the frontal pole as a waypoint, we 
confirmed that probabilistic tracts structurally connected regions where we found acute 
RS-fMRI differences (Figure 2-2 A). The probability of a structural connection did not 
significantly decrease after concussion.  
 
2.3.5 Spectroscopy Results 
The spectroscopy voxel was placed in the prefrontal region with the following 
mean +/- SD tissue content: gray matter 19% +/- 7%, white matter 78% +/- 8%, and CSF 
3% +/- 2%. The tissue composition of the voxel did not significantly change across 
participants or sessions. No changes in N-acetyl aspartate were found between any of the 
groups. Choline was significantly reduced at 3 months relative to controls (F = 4.2, p = 
0.02, Figure 2-5), with a 10% decrease in the mean observed (p < 0.035). A reduction in 
glutamine levels was observed but was not significantly different from controls (F = 2.3, 
p = 0.09). Correlation results are summarized in detail in Table 2-2, and examples are 
shown in Figure 2-6.  
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Figure 2-5: Diffusion and MR spectroscopy results. Average diffusion metrics within 
standard atlases-derived white matter tracts (a-e) and absolute metabolite concentrations 
with the prefrontal white matter voxel (f), with SD shown using the error bars and 
significant MANOVA corrected post-hoc differences shown with the star symbol (p < 
0.05). 
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Figure 2-6: Correlations between data at 24-72 hours post-concussion (PC) (a-b), 3 
months PC (c-d), and between 24-72 hours PC (x-axis) and 3 months PC (y-axis) data (e-
f). Further details are provided in Table 2-2. The 95% confidence interval is shown using 
the dashed curves and all relationships shown here have p < 0.05 after false discovery 
rate (FDR) correction. 
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Table 2-2: Correlation analysis details relating different MRI measures and clinical 
deficits. Right and left tracts or regions are indicated with brackets. Uncorrected p-values 
are shown and the * symbol indicates correlation values that survived FDR-correction. 
 
Data from 24-72 hours post-concussion Pearson 
correlation 
coefficient, r 
p-
value 
Connectivity between 
cerebellum 2(r) and posterior 
parahippocampal gyrus(l) 
COPL (double limb) 0.660 0.014* 
Mediolateral amplitude of 
sway 
0.585 0.036 
Anterior-posterior amplitude 
of sway 
0.600 0.030 
Anterior-posterior SD of 
sway  
0.584 0.036 
Number of days to recover SCAT symptom score 0.615 0.011* 
AD in DTImax ImPACT total symptom score -0.747 0.008* 
SCAT Balance Errors -0.732 0.007* 
AD in right CST COPL (double limb) 0.548 0.081 
Data from 3 months post-concussion Pearson 
correlation 
coefficient, r 
p-
value 
Connectivity within the 
cerebellum 8(r) and 2(l) 
Mediolateral amplitude of 
sway 
-0.867 0.000* 
Mediolateral SD of sway  -0.880 0.000* 
AD in right SLF Connectivity between 
temporal pole(l) and parietal 
occipital pole(r) 
0.812 0.002* 
RD in DTImax Connectivity between 
occipital pole(r) and post 
central gyrus(l) 
-0.680 0.021 
Connectivity between 
occipital pole(l) and post 
-0.741 0.014* 
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central gyrus(l) 
AD in DTImax Connectivity between anterior 
supramarginal gyrus(r) and 
medial prefrontal cortex 
-0.768 0.006* 
MRS Choline Connectivity between anterior 
supramarginal gyrus(l) and 
paracingulate gyrus(l) 
-0.620 0.042 
Connectivity between anterior 
supramarginal gyrus(l) and 
paracingulate gyrus(r) 
-0.715 0.013* 
Data from 24-72 hours 
post-concussion 
Data from 3 months post-
concussion 
Pearson 
correlation 
coefficient, r 
p-
value 
Connectivity between 
anterior supramarginal 
gyrus(r) and frontal pole(l) 
AD in the right CST 0.735 0.015* 
SCAT Balance Errors 0.751 0.005* 
MRS Choline ImPACT total symptom score -0.665 0.026 
Connectivity between 
temporal pole(l) and parietal 
operculum(r) 
0.818 0.002* 
Connectivity between 
cerebellum 2(r) and posterior 
parahippocampal gyrus(l) 
-0.659 0.027 
Connectivity between post 
central gyrus(r) and occipital 
pole(r) 
0.690 0.019 
Connectivity between post 
central gyrus(r) and occipital 
pole(l) 
0.620 0.039 
Number of days to recover Connectivity between 
occipital pole(r) and superior 
lateral occipital cortex(l)  
-0.668 0.013* 
Connectivity between 
occipital pole(l) and inferior 
temporal gyrus(r) 
-0.610 0.027 
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Connectivity between 
occipital pole(r) and inferior 
temporal gyrus(r) 
-0.595 0.032 
Connectivity between 
superior parietal lobule(l) and 
occipital fusiform gyrus(l) 
-0.574 0.040 
AD in DTImax Connectivity between anterior 
supramarginal gyrus(r) and 
frontal pole(l) 
-0.568 0.087 
SCAT symptom severity 
score 
Connectivity between 
superior parietal lobule(l) and 
temporal pole(r) 
-0.711 0.006* 
Connectivity between 
superior parietal lobule(r) and 
temporal pole(r) 
-0.692 0.009* 
AD in DTImax -0.654 0.029 
SCAT symptom score Connectivity between 
cerebellum 2(l) and brainstem 
-0.894 0.032 
ImPACT total symptom 
score 
Connectivity between anterior 
supramarginal gyrus(r) and 
paracingulate gyrus(l) 
0.609 0.027 
Connectivity between anterior 
supramarginal gyrus(r) and 
medial prefrontal cortex 
0.627 0.022 
Connectivity between 
cerebellum 8(r) and 7(l) 
-0.767 0.002* 
Connectivity between 
cerebellum 8(r) and 2(l) 
-0.941 0.000* 
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2.4 Discussion 
In this study of adolescent hockey players from Bantam leagues where body 
checking is first introduced, we found acute and longitudinal multiparametric MRI 
changes post-concussion compared to controls. As expected, clinical composite scores 
elevated acutely post-concussion and within weeks of injury they returned to control 
levels and players were cleared to return to play. However, we found persistent RS-fMRI 
connectivity changes, diffusion-related white matter abnormalities, and MRS metabolite 
decreases in the prefrontal white matter at 3 months post-concussion.  
The adolescent brain is still not fully developed during this age range (11-14 
years) and as it continues to grow and mature it may be more vulnerable to brain 
dysfunction and elongated periods of recovery following an acceleration-related injury. It 
has been shown that this heightened vulnerability may be due to both biomechanical 
(neck strength) and neurobiological (incomplete white matter myelination) characteristics 
[23]. Axonal excitability and electrophysiological recordings in a rat fluid percussion 
brain injury model have been used to assess differences in axonal vulnerability between 
myelinated and unmyelinated fibers during injury response and functional recovery [24]. 
In this animal model, myelinated axons recovered within seven days and were relatively 
protected compared to unmyelinated fibers that were more severely injured and took 
longer to recover. It is critical to understand how the adolescent human brain reacts and 
recovers from concussion. A recent review of concussion-related MRI findings 
demonstrated the advantages of relating multiple MRI modalities [25] and here we aim to 
do just that in order to better understand the meaning of these changes.  
We found diffuse changes in DTI metrics along three major white matter tracts. 
However, the tract-specific spatial changes were localized to a single, central region 
along the SLF (DTImax) where we found decreased AD, MD, RD at both times post-
concussion. In vivo animal studies have been able to directly relate histology with MRI 
diffusion, specifically finding a direct relationship between AD and axonal injury through 
post-mortem neurofilament immunostaining and confirmation of the presence of amyloid 
beta precursor protein (APP) [26]. Diffuse axonal pathology has been observed in all 
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traumatic brain injury severities, where transport is disrupted and axonal bulb formations 
occur [27]. The decreases in AD observed post-concussion may reflect this axonal 
pathology as they relate directly with immediate symptoms. The AD within DTImax at 24-
72 hours post-concussion was significantly correlated with total symptom scores and the 
number of errors during balance testing, indicating that a more severe injury is associated 
with more severe axonal damage. This remained true at 3 months post-concussion, where 
the sustained decrease in AD within DTImax was associated with a higher symptom 
severity score.  
The most common injury mechanism in our cohort was falling, impacting the 
back of the head. Investigations of the biomechanical deformations and shearing forces 
after even minimal acceleration of the human head have reported deformation of the 
human brain. Rapid deceleration directed to the back of the head result in anterior 
shortening and posterior elongation as well as deformations in the axial plane [28]. These 
results correspond to regions where we found diffusion changes indicative of structural 
damage to the long tracts running anterior to posterior. This acceleration injury and the 
consequent strain and shearing forces between brain tissues may damage axons 
themselves. The decrease in AD was concurrent with decreases in RD and MD as well as 
increases in FA within the same region. This could reflect different pathologies like 
axonal disruption, cytotoxic edema, axonal swelling or changes in myelin at the site of 
injury [29]. These findings are similar to some previous DTI studies [5,9,30–32] but not 
all [33,34]. Different aged cohorts, injury severity and acquisition timing may all play a 
role in the direction of these changing diffusion metrics. Fluid-attenuated inversion 
recovery (FLAIR) and turbo spin echo sequences were used to confirm a mild traumatic 
brain injury with no cerebral edema. We observed region-to-region RS-fMRI 
hyperconnectivity at 3 months post-concussion compared to both controls and 24-72 
hours post-concussion. This was also true at the network level. Previous studies have 
variably found this pattern and hyperconnectivity has been proposed to be involved in 
recovery and compensation for underlying white matter disruption [4], [35–38].  
Here we demonstrate the strength of multiparametric MRI by relating our 
connectivity findings directly with DTI and clinical data. Acute regional connectivity 
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changes with the cerebellum correlated with all of the significant measures reflecting 
acute postural balance deficits and directly relate the role of the cerebellum in balance 
performance [39]. The average AD along the SLF and within DTImax was correlated with 
changes in inter-regional connectivity, where in general more axonal injury (lower 
diffusivity) and a more severe injury as quantified by number and severity of symptoms 
or more days required to recover were associated with lower absolute values of 
connectivity. Only those players with a less severe injury as indicated by these acute 
clinical measures exhibited regional hyperconnectivity at 3 month post-concussion, 
similar to previous work focused on the DMN within more severe and older TBI patients 
6 months after their injury [40]. This possible recovery mechanism may be compensating 
for the underlying damaged avenues of structural connections by recruiting regions of 
connectivity as well as enhancing both correlated and inhibitory communication. It’s 
possible that some players have not yet reached or completed the recovery phase and 
further longitudinal data is needed to understand the timing and potential long term 
consequences of these mechanisms.   
A 10% reduction in the MRS choline signal was observed at 3 months relative to 
controls. The choline signal is comprised of different components, mainly 
phosphorylcholine (a precursor to membrane synthesis) and glycerophosphorylcholine (a 
breakdown product of the membrane) [41]. This change is particularly interesting 
because reductions in blood plasma glycerophospholipids at 24-72 hours were reported in 
a subset of these hockey players [10]. Other studies have also reported reduced choline 
levels in the motor cortex after a month of high school football in non-concussed players 
[42]. This was suggested to be due to a decrease in membrane turnover as a result of 
repetitive sub-concussive impacts. The correlations with the MRS data support similar 
interpretations. The choline concentration at both 24-72 hours and 3 months post-
concussion was significantly correlated with RS-fMRI connectivity and in particular, a 
lower choline concentration was associated with a lower absolute inter-regional 
connectivity value. Given the relationship between choline concentrations to the clinical, 
diffusion, and connectivity measures we hypothesize that the decrease in choline is 
related to reduced membrane turnover rate [41].    
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 There are limitations in the current study that will motivate future MRI 
investigations of adolescent concussion. The average changes we report here represent a 
heterogeneous population whose individual injury mechanisms, severities, and recovery 
times vary. We followed up with players 3 months after their injury, however players had 
clinically recovered and were cleared to return to play at different times. It’s possible that 
returning to play may affect the brain and any ongoing neuroreparative mechanisms. 
Given the long-lasting changes we found at 3 months, future longitudinal studies should 
continue to follow this demographic as they develop to understand exactly how long the 
recovery period lasts as a function of age and the consequences, if any, later in life 
including increased vulnerability to future concussions and the development of 
neurodegenerative diseases like chronic traumatic encephalopathy [43, 44].  
 The persistent changes we observed in this study provide evidence of prolonged 
axonal disruption in a localized area along the SLF. This result was spatially related with 
acute RS-fMRI connectivity changes and choline metabolite decreases, and correlated 
significantly with clinical deficits. Diffuse hyperconnectivity patterns were present 3 
months post-concussion, well after clearance to return to play and symptomatic recovery. 
This adolescent population may be particularly vulnerable to injury while axons continue 
to myelinate and mature, and our results suggest that they may require longer recovery 
periods. 
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Chapter 3 
 
3 Linked MRI signatures of the brain’s acute and 
persistent response to concussion in female varsity 
rugby players 
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Acute brain changes are expected after concussion, yet there is growing evidence of 
persistent abnormalities well beyond clinical recovery and clearance to return to play. 
Multiparametric MRI is a powerful approach to non-invasively study structure-function 
relationships in the brain, however it remains challenging to interpret the complex and 
heterogeneous cascade of brain changes that manifest after concussion. Emerging 
conjunctive, data-driven analysis approaches like linked independent component analysis 
can integrate structural and functional imaging data to produce linked components that 
describe the shared inter-subject variance across images. These linked components not 
only offer the potential of a more comprehensive understanding of the underlying 
neurobiology of concussion, but can also provide reliable information at the level of an 
individual athlete. In this study, we analyzed resting-state functional MRI (RS-fMRI) and 
diffusion tensor imaging (DTI) within a cohort of female varsity rugby players through 
the in- and off-season, including concussed athletes who were studied longitudinally at 
three days, three months and six months after a diagnosed concussion. Linked 
components representing co-varying white matter microstructure and functional network 
connectivity characterized (a) the brain’s acute response to concussion and (b) persistent 
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alterations beyond clinical recovery. Furthermore, we demonstrate that these long-term 
brain changes related to specific aspects of a concussion history (even when only 
considering in- and off-season data) and allowed us to monitor individual athletes before 
and longitudinally after a diagnosed concussion. 
 
3.1 Introduction 
Concussion is a prevalent injury for young athletes participating in contact sports 
and it provokes an acute set of heterogeneous symptoms that generally recover quickly. 
However, the underlying changes in the brain that are responsible for these symptoms 
and the long-term consequences of concussion remain elusive. There is a critical need to 
understand the lasting effects of early and/or multiple concussions and the potentially 
heightened risk of re-injury or development of more serious neurodegenerative processes 
like chronic traumatic encephalopathy (CTE) later in life [1].  
Diffusion tensor imaging (DTI) and resting-state functional MRI (RS-fMRI) are 
sensitive to different attributes (i.e. structure and functional) of the neurobiological 
cascade following concussion [2], a cascade that appears to persist beyond clinical 
recovery and clearance to return to play [3]. Traditionally, each MRI metric is analyzed 
separately and related post-hoc. Such approaches fail to take advantage of the intertwined 
structure-function relationship in the brain and typically provide limited insight in an 
individual. A data-driven analysis that examines structure-function relationships jointly 
could yield powerful insights into the underlying neurobiological changes in young 
concussed athletes over time [4].  
Linked independent component analysis (LICA) is a data-driven approach that 
evaluates shared inter-subject variations across the different MRI measures and provides 
a more coherent appreciation of the underlying structure-function modes of variation [5], 
[6]. LICA is a powerful approach that decomposes multiparametric imaging data in an 
unbiased manner to produce components of (a) spatial maps that show where each of the 
image-derived metrics of interest (i.e. DTI parameters, RS-fMRI network (RSN) 
connectivity) co-vary together across subjects and (b) common component weights. 
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Component weights represent to what extent an individual subject expresses a linked 
component at a particular time allowing a single subject to be monitored throughout 
recovery longitudinally following a concussion.  
Here we examined co-varying changes in the brain’s structure (DTI)-function 
(RS-fMRI) relationships in a cohort of female varsity rugby players over a five-year 
period. The MRI data from non-concussed rugby players throughout the in- and off-
season were compared to concussed athletes acutely (24-72 hours) and longitudinally (3 
months and 6 months) post-concussion. We hypothesized that linked RS-fMRI and DTI 
components would characterize acute neurobiological mechanisms post-concussion and 
that there would be distinct brain abnormalities that persist beyond clinical and 
symptomatic recovery. Given the existing literature [7], we predicted that the expression 
of these linked components would relate to aspects of concussion history. Furthermore, 
because this approach interrogates the imaging structure-function data together, it may 
provide a more reliable way to monitor individual concussed athletes longitudinally. 
 
3.2 Methods 
3.2.1 Patient Recruitment and Ethics Approval 
This study was approved by the University of Western Ontario’s Health Sciences 
Research Ethics Board. Informed consent was obtained prior to the start of each season. 
This longitudinal study followed a women’s rugby team (ages 18-22, mean age 
[SD]=20.1[1]) over a five-year period of national competition. Participants did not 
partake in all seasons. Table 3-1 details the activities during the season. We gathered 74 
in-season and 63 off-season data sets that included returning players without a diagnosed 
concussion within the past 6 months. The in-season data were acquired during a high 
intensity training camp involving multiple daily contact practices and games as the 
participants strived to make the team. The off-season data was acquired in the winter 
term, 2-3 months after the regular season ended (approximately 6 months after the in-
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season scan). Players with a diagnosed concussion were assessed 24-72 hours, 3 months 
and 6 months post-concussion.  
Table 3-1: Player activities throughout a regular varsity rugby season. 
Time 
period 
Contact 
practices 
Weight 
training 
Cardio  Games Notes 
August (in-
season) 
2/day - - 3-4/week 2-week in-season 
training camp 
Sept-Oct 4/week 1/week - 1/week Regular season 
November - - - 1/day during 
tournament 
National 
Championships (4 
days) 
Dec-Apr 
(off-
season) 
1/week 
(technical skills, 
light contact 
compared to 
regular season 
practices) 
3-4/week 3-4 
/week 
1/month Off-season with a 1 
day tournament per 
month (Jan-Mar) 
 
3.2.2 Clinical Assessment 
Players suspected of a self-reported concussion were assessed at the Fowler 
Kennedy Sports Medicine Clinic within 24-72 hours of their injury where an experienced 
Sports Medicine physician diagnosed a concussion based on clinical criteria. Sport 
Concussion Assessment Tool (SCAT3) was performed in accordance with the 
instructional guidelines [8]. The SCAT3 is composed of the Glasgow coma scale (GCS), 
the Maddocks Score and a cognitive and physical evaluation to evaluate the athlete’s 
orientation, concentration, balance and coordination. The GCS assesses an athlete’s eye, 
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verbal, and motor responses and the Maddocks score consists of 5 questions to assess 
short-term memory. The SCAT3 also scores 22 possible symptoms (symptom score) on a 
scale from 0 to 6 (symptom severity score). We investigated the relationship between our 
MRI results with the following composites of the SCAT3: immediate memory, 
concentration, balance, delayed recall, number and severity of symptoms. We also 
documented the time since the most recent concussion (in months, only for subjects with 
a concussion history), their age at the time of their earliest concussion (where applicable), 
as well as the self-reported total number of concussions in their history. 
 
3.2.3 MRI Acquisition 
All MRI data was acquired on a 3-Tesla MR scanner (Siemens, Erlangen, 
Germany) using a 32-channel head coil. A coronal T2-weighted turbo spin echo sequence 
(echo time (TE)/repetition time (TR) = 85/7640 ms, flip angle = 120˚, matrix size = 320 x 
256, field of view (FOV) = 220 mm x 179 mm, number of slices = 43, slice thickness = 4 
mm), a sagittal T1-weighted magnetization-prepared rapid acquisition gradient echo 
sequence (MPRAGE) (TE/TR = 2.94/2300 ms, flip angle = 9˚, matrix size = 256x256, 
FOV = 256mm x 240mm, number of slices = 160, slice thickness = 1.2 mm) and a 
gradient-recalled multiecho 3D image (TE/TR = 10/52 ms, flip angle = 12˚, matrix size = 
448 x 448, FOV = 224 mm x 168 mm, Number of slices = 128, slice thickness = 1.0 mm) 
were acquired. These anatomical images were used to confirm a mild traumatic brain 
injury with no evidence of cerebral edema and were used for image registration. 
Approximately 20 minutes into the scan, one 10-minute RS-fMRI gradient echo echo-
planar imaging sequence (TE/TR = 30/2500 ms, flip angle = 90˚, matrix size = 80 x 80, 
FOV = 240 mm x 240 mm, number of slices = 45, slice thickness = 3 mm) was 
performed while the individual was simply asked to remain still with eyes open. Finally, 
a spin echo DTI sequence (TE/TR = 79/7200 ms, matrix size = 98 x 98, FOV = 200 mm 
x 200 mm, number of slices = 64, slice thickness = 2 mm, b1 = 0, b2 = 1000 s/mm2, 
gradient directions = 64) was used for creating diffusion-weighted images.  
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3.2.4 MRI Preprocessing  
The RS-fMRI and DTI data were preprocessed and analyzed using FMRIB FSL software 
(version 5.0.9) [9]. RS-fMRI data was screened for excessive motion (> 1 mm) and any 
subjects with a mean relative displacement greater than 0.5 mm were either truncated to 
only include low motion data or were excluded. All remaining data was preprocessed 
using the following standard steps: motion correction by affine registration to the middle 
volume, brain extraction, 5mm full width half maximum (FWHM) smoothing, and high-
pass filtering at 0.01 Hz. Preprocessed data was de-noised further using single-dataset 
ICA with automatic dimension calculation. Components that were composed of voxels 
outside the brain, in the CSF, primarily white matter, with a high frequency profile or 
related to motion artifacts were regressed from the data [10]. Cleaned data were 
registered to the corresponding MPRAGE structural T1-weighted image that was in turn 
registered to a standard MNI 2mm brain-extracted standard template using linear 
registration with 12 degrees of freedom. Cleaned and registered RS-fMRI data were 
analyzed using temporally concatenated ICA to identify the ten RSNs by cross 
correlating with well-established reference template spatial maps [11,12]. The default 
mode network (DMN) was split into anterior and posterior sections of the network and 
each correlated with the reference template. Dual regression algorithms were used to 
back-project these networks and produce RSNs at the single subject and session level 
[13]. These individual RSN maps were normalized to create z-statistic images for each 
subject’s session and each RSN. Statistical maps were down-sampled by a factor of 2 to 4 
mm isotropic voxels to facilitate higher-level computational analyses [5].  
DTI data was first corrected for head movement and eddy currents, and then the 
data were masked using the non-diffusion weighted volume and a diffusion tensor was fit 
to each voxel. These preprocessed diffusion images were than analyzed using the tract-
based spatial statistics tools (TBSS) [14]. This involved further preprocessing where 
fractional anisotropy (FA) diffusion maps were eroded and end slices were removed. 
These eroded images were inspected visually for any artifacts. Images were then non-
linearly registered to a 1mm isotropic FA template image, which in turn was registered 
and transformed to 1mm isotropic MNI space. All subjects’ diffusion images were 
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merged and a mean FA skeleton was made with a threshold of FA > 0.2. Each 
individual’s diffusion maps are projected onto this skeletonized map and down-sampled 
to 2mm isotropic voxels. This was repeated for each diffusion metric to generate several 
skeletonized maps for each subject’s session(s). 
 
3.2.5 Linked Independent Component Analysis 
We investigated the shared inter-subject variations across 3 diffusion and 3 RSN maps to 
remain consistent with previous LICA applications [15], [16]. In particular, we 
investigated skeletonized maps of mean diffusivity (MD), axial diffusivity (AD), and 
fractional anisotropy (FA) maps as well as z-statistical images quantifying whole-brain 
voxel-wise connectivity with the posterior default mode network (DMN), cerebellar, and 
executive control RSNs. The choice of what parameters to explore was somewhat 
subjective but we limited to six parameters base on previous implementations of LICA. 
An iterative LICA was performed using subject-specific spatial maps in FSL 
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLICA) with 10,000 iterations monitoring the free 
energy of the decomposition. A common mixing matrix containing the components’ 
weights is common across all image-derived metrics. Data were decomposed into 15 
linked independent components that are comprised of (1) spatial maps for each imaging-
derived metric displaying specific regions that co-vary across subjects and (2) common 
component weights (Figure 3-1 A). Each image-derived metric of interest contributes a 
fractional amount to each component (Figure 3-1 B). Generally n/4 is chosen as the 
model order [16], however we conservatively used a lower model order to avoid over-
fitting given the longitudinal data. We repeated the analysis using +/-1 model orders to 
confirm the robustness of our results [15]. We examined repeated within-subject data 
over time from concussed subjects with complete data (i.e. their most recent pre-
concussion scan, 24-72 hours, 3 months and 6 months post-concussion).  
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3.2.6 Statistical Analysis 
Linked components were deemed clinically relevant based on correlations of component 
weights with the SCAT3 sub-test scores, concussion history details, or if component 
weights were significantly different between subject groups (i.e. amongst in-season, off-
season, 24-72 hours, 3 months and 6 months post-concussion groups) according to a one-
way ANOVA using PRISM version 7 (with Tukey post-hoc correction for multiple 
comparisons). We did not include components that were dominated by a single subject 
(i.e. describing >10% of the variance). We used repeated measures one-way ANOVA 
with Greenhouse-Geisser corrected p-values to investigate athletes before and 
longitudinally post-concussion. Correlations with clinical data were considered 
significant after correction for multiple comparisons across model order and explanatory 
variables using Bonferroni-Holm correction. Control (i.e. in- and off-season) data were 
dichotomized based on the presence or absence of a concussion history and compared 
using an independent two-tailed t-test.  
 
3.3 Results 
 
3.3.1 Linked ICA Decomposition 
In total, 182 complete MRI datasets from 52 individual subjects were included in the 
LICA. We gathered 74 in-season and 63 off-season datasets and excluded six subjects for 
motion or data reconstruction problems (71 in- and 60 off-season). We included 21 
diagnosed concussions at 24-72 hours (n = 21), then 3 month (n = 17) and 6 month (n = 
13) follow-ups. Eight concussions occurred early in the season before that specific 
subject’s in-season data could be acquired and limited repeated measures analysis. 
SCAT3 symptom score and severity were both significantly elevated 24-72 hours post-
concussion compared to both in- and off-season data and recovered by 3 months post-
concussion (p < 0.0001). Three subjects experienced two diagnosed concussions over the 
course of the study and in all three cases full longitudinal post-concussion data relative to 
96 
 
the first concussion could not be acquired before they experienced a second concussion. 
Complete longitudinal data was acquired relative to their most recent concussion. One 
player (#25) experienced three concussions over a three-year period and we were able to 
obtain three, complete longitudinal follow-up datasets in this case, including one in-
season scan before they experienced their third concussion.  
A single subject drove components 3, 6, 7, and 9. Component 11 was significantly 
correlated with the subject’s age at the time of scanning (Table 3-2). Relevant 
components were reproducible and correlated when replicating results for different LICA 
model orders. There were six relevant components that showed linked structure-function 
changes related to concussion (Figure 3-1): components 4 and 5 had significantly 
different weights amongst subject groups; components 8 and 12 were significantly 
correlated with SCAT3 composite scores; components 1, 2, 5, and 8 were significantly 
correlated with concussion history metrics.  
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Table 3-2: Linked independent components that did not have significant differences 
between subject groups and were not related to clinical symptoms or concussion history. 
Component Relative 
contributions 
Description of regions Reason for 
omission from 
higher level 
analyses 
0 MD (65%), AD 
(20%), FA (11%), 
DMN, Cerebellum, 
Executive RSN (1% 
each) 
Positive association throughout 
superiorly located white matter 
for MD and AD, FA had a 
negative association throughout 
the white matter 
No correlation 
with SCAT3 or 
clinical history 
3 Cerebellum RSN 
(91%) dominated 
Cerebellar network from a 
single subject dominated with 
noise-driven connectivity 
throughout the brain and CSF 
Dominated by a 
single dataset 
6 Executive RSN 
(78%) dominated 
Executive network from a 
single subject dominated with 
noise-driven whole-brain (and 
CSF) connectivity 
Dominated by a 
single dataset 
7 DMN (38%) and 
Executive RSNs 
(34%) 
A single subject’s resting state 
network connectivity dominated 
this component 
Dominated by a 
single dataset 
9 MD (17%), AD 
(13%), FA (11%), 
DMN (7%), 
Cerebellum (33%), 
Executive (16%)   
A single subject dominated this 
component with small amounts 
of noise in the diffusion and 
unique connectivity patterns 
especially with the cerebellum  
Dominated by a 
single dataset 
98 
 
10 DMN (60%) Posterior cingulate DMN 
connectivity dominated this 
component 
No correlation 
with SCAT3 or 
clinical history 
11 MD (22%), AD 
(23%), FA(22%), 
DMN (13%), 
Executive (17%) 
RSNs 
Diffusion changes dominated 
perhaps as a result of ongoing 
neurodevelopmental processes 
with some network connectivity 
changes 
Correlated 
significantly with 
the subjects’ age 
at the time of the 
scan 
13 MD (19%), AD 
(30%), FA (36%) 
Widespread AD and FA 
positive associations with this 
component throughout the 
white matter 
No correlation 
with SCAT3 or 
clinical history 
14 MD (26%), AD 
(24%), FA (25%) 
Scattered regions throughout 
the white matter skeleton 
No correlation 
with SCAT3 or 
clinical history 
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Figure 3-1: Linked ICA decomposition. (A) Analysis pipeline creating MRI-derived 
maps of interest, and decomposing into linked components with common component 
weights. (B) The 15 linked components with the fraction of contribution from each MRI 
metric. Linked components related to concussion are circled.    
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3.3.2 Linked Component 4: The Brain’s Acute Response to 
Concussion 
Component 4 weights were significantly different amongst the subject groups (F 
= 4.83, df = 175, p = 0.001) and diffusion metrics dominated (87%, Figure 3-1 B and 
Figure 3-2). Post-hoc tests revealed a significant difference between off-season and 24-72 
hours post-concussion (p = 0.001) as well as between in- and off-season (p = 0.03). In-
season and acute post-concussion data had significantly lower component weights than 
off-season (Figure 3-3) that represent decreased MD, AD, and increased FA acutely post-
concussion and during the in-season (specific regions Figure 3-2) that were associated 
with subtle changes in RSN functional connectivity. MD and AD maps overlapped with 
decreases acutely post-concussion focused inferiorly along the brainstem including 
bilateral corpus callosum, anterior thalamic radiation, inferior longitudinal and fronto-
occipital fasciculus, and corticospinal tract, including the superior cerebellar peduncle 
(Figure 3-2). FA increased in some of the same areas as MD and AD decreases. 
Subject #17 who notably experienced a loss of consciousness and #20 who had a 
relatively early previous concussion explained nearly 10% of the variance and once these 
two datasets were removed, the main effect (and post-hoc comparisons) remained 
significant. An artifact within these datasets was not evident, and their large associations 
with this component may be biologically relevant, i.e. related to the specific injury 
severity or concussion history.  
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Figure 3-2: Linked component 4 with positive (red/yellow) and negative (blue) z-
statistics mapped using an absolute value > 3 threshold. Skeletonized z-statistic maps of 
mean diffusivity (MD) that dominated this component, axial diffusivity (AD), and 
fractional anisotropy (FA) with minor contributions from the three resting state network 
connectivity maps. 
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Figure 3-3: Component 4 analysis. (A) Group average component weights during the in- 
and off-season and longitudinally post-concussion (PC) with full range, standard 
deviation and mean (+) indicated with a box and whisker plot and (B) repeated within-
subject measures ANOVA relative to their own most recent non-concussed data (dashed 
lines connect a single athlete’s longitudinal data). Significant differences are shown with 
star symbol (* = corrected p < 0.05, ** = corrected p < 0.01). 
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3.3.3 Linked Component 5: Long-term Alterations of Brain 
Structure and Function  
Component 5 was also significantly different amongst the subject groups (F = 
9.12, p = 0.000001) and was composed of more balanced contributions from all imaging 
metrics (Figure 3-4). There were significant differences in component 5 weights between 
in-season and 24-72 hours post-concussion (p = 0.04), in- and off-season data compared 
to 3 months post-concussion (p = 0.002 and p = 0.005, respectively) and 6 months post-
concussion (p = 0.0001 and p = 0.0003). Component 5 weights were significantly 
correlated with the total number of concussions that the player reported (Figure 3-5 C, r = 
0.51, p = 2.7 x 10-13) and this was also true for control athletes (r = 0.22, p = 0.002). This 
component weight was significantly greater for those with a concussion history compared 
to those without, even for the control group (p = 0.004). Increased component 5 weights 
represent decreased MD and AD along the body and splenium of the corpus callosum, 
fornix, and thalamus linked with RS-fMRI connectivity changes (regions shown in Figure 
3-4). Subject #25 (concussed three times) showed a large component weight across all 
her time points (including in-season), and once this subject’s data was removed only the 
change between in-season and 6 month average data remained significant (p = 0.04). 
Artifacts were once again not evident in the data and this subject’s component 5 weights 
could be related to her repeated concussions.  
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Figure 3-4: Linked component 5 with positive (red/yellow) and negative (blue) z-
statistics mapped using an absolute value > 3 threshold. Z-statistic maps of co-varying 
mean diffusivity (MD), axial diffusivity (AD), fractional anisotropy (FA), and 
connectivity maps of three resting networks (DMN = default mode network) that 
contributed to this linked component. 
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Figure 3-5: Component 5 analysis. (A) Average component weights during the in- and 
off-season and longitudinally post-concussion (PC) with full range, standard deviation 
and mean (+) indicated with a box and whisker plot and (B) longitudinal within-subject 
component weights relative to their own most recent pre-concussion data compared using 
a repeated measures ANOVA and (C) shows a significant correlation with total number 
of self-reported concussions. Significant differences are indicated with a star symbol after 
correction for multiple comparisons (* = p < 0.05, ** = p < 0.01, *** = p < 0.001). 
106 
 
3.3.4 Monitoring Linked Components Longitudinally Within 
Individual Concussed Athletes 
We looked at the modulation of these linked components longitudinally in 
concussed players with complete data (n = 9). There was a significant repeated measures 
effect (p < 0.05) that replicated our whole data average comparisons (Figure 3-3 B and 3-
5 B). This effect remained significant when we removed the potential outliers described 
above. We could reliably see significant decreases in component 4 weights acutely post-
concussion in individual athletes compared to their specific in- or off-season scan. 
Component 5 weights were consistently increased at 3 months and/or 6 months post-
concussion compared to their own most recent pre-concussion scan.  
  
3.3.5 Correlations with Clinical Data and Concussion History 
Portions of linked components that significantly correlated with self-reported 
concussion history or SCAT3 scores are shown in Figure 3-6. Component 8 was 
significantly correlated with the number of balance errors during the SCAT3 balance 
composite (r = -0.20, p = 0.006), time since previous concussion (r = -0.31, p = 0.001), 
number of concussions (r = 0.29, p = 0.00009), and age of their earliest concussion (r = 
0.27, p = 0.005). MD dominated this linked component in the fornix, corpus callosum 
and thalamus, with co-varying AD, FA, DMN and executive RSN connectivity changes. 
Component 12 correlated with SCAT3 delayed recall composite (r = 0.22, p = 0.003) 
with even contributions from all measures including large within-network connectivity 
changes with the cerebellar network. Component 2 was significantly correlated with 
number of concussions (r = -0.21, p = 0.005). Component 1 was significantly lower for 
control athletes with a concussion history compared to those without (t = 2.9, p = 0.004) 
and involved changes in DTI measures throughout the entire white matter skeleton.  
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Figure 3-6: Portions of linked components that were significantly correlated with 
SCAT3 subtest scores or concussion history details 
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3.4 Discussion 
In this study, we used data-driven techniques to examine female rugby players 
with and without a concussion over time. This is the first concussion study to examine 
multiparametric MRI data using LICA and allowed unbiased and reliable decomposition 
of the data to reveal complex neurobiological signatures that characterized structure-
function alterations acutely and persistently post-concussion. These linked changes of 
brain structure-function were related to self-reported concussion history and consistent 
when following individual concussed athletes over time.  
Rugby generally does not involve direct impacts to the head but rather substantial 
and repetitive rotational accelerations of the head. A study of amateur male rugby players 
reported 77 impacts exceeding 10 g acceleration per game, and higher rotational 
accelerations compared to other previously studied cohorts like football [17]. A recent 
study of female rugby players recorded an average of 14 impacts per player, per match 
and the majority of these were to the side of the head [18]. We expect that these numbers 
are not substantially different for the varsity athletes studied here given the rigorous 
practice schedule (4 contact practices/week) where they may experience subconcussive 
(and concussive) impacts and accelerations.  
We found two linked multiparametric MRI components that were expressed 
differently amongst the subject groups. Component 4 was associated with acute brain 
changes post-concussion and during the in-season of contact practices and play. Diffusion 
metrics dominated this component and corresponded to decreased MD and AD located 
inferiorly in the brain involving many deep white matter tracts linked with RS-fMRI 
connectivity decreases between cortical regions in the frontal, temporal and occipital 
lobes. This included regions structurally connected by the implicated white matter tracts 
as well as regions spatially near diffusion variations.  
Acute decreases in MD and AD have been observed post-concussion in multiple 
studies, and could reflect neuroinflammation, diffuse axonal disruption, and/or changes in 
myelin content [19–22]. We observed that this linked component recovered back to off-
season levels by 3 months post-concussion and was also not strongly associated with 
109 
 
reorganized functional connectivity patterns. This component may reflect an acute 
neuroinflammatory response and/or a temporary disruption of inferiorly located white 
matter tracts near the brainstem. In our previous study of younger hockey players, we 
also found changes in white matter diffusion located inferiorly in the corticospinal tract 
within 24-72 hours post-concussion with very subtle changes in functional connectivity 
[23] as well as acute neuroinflammatory blood biomarkers [24]. 
In-season data had decreased diffusion compared to off-season data (the same 
direction as the acute post-concussion data) and could reflect the cumulative effect of 
subconcussive impacts [25,26]. Previous studies support this interpretation by relating 
accelerometer measures of repetitive head impacts with diffusion MRI measures in non-
concussed contact sport athletes [27]. MR spectroscopy data in a subset of these rugby 
players has been published previously and reported glutamine decreases within the 
prefrontal white matter of both non-concussed and concussed rugby players [28]. Given 
the present findings, we are acquiring data from age-matched varsity female rowers and 
swimmers (non-contact) in order to control for the influence of high athletic activity.  
 Component 5 represented linked alterations in brain microstructure and functional 
connectivity that persisted beyond symptomatic recovery post-concussion. Decreases in 
diffusion along major white matter tracts like the corpus callosum and co-varying 
changes in RS-fMRI network connectivity were observed at 3- and 6 months post-
concussion. Some of these changes are consistent with previous longitudinal findings of a 
small study of concussed female athletes [29]. A decrease in AD has been shown to 
correlate with damage to the axons themselves due to rotationally accelerated stretch-
injury and the corpus callosum has been repeatedly shown to be vulnerable to concussion 
[29–32]. The fornix is another major white matter structure that carries information from 
the hippocampus and limbic system in general, and has been associated with memory loss 
and CTE [33–35]. These linked longitudinal imaging changes represent simultaneous 
disruption of white matter tracts and compensatory functional connectivity changes that 
may reflect simultaneous membrane dysfunction and physical alterations of 
microstructure that consequently affect functional architecture.  
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Healthy, non-concussed players during the in- and off-season with a concussion 
history also showed significantly higher component 5 weights compared to those with no 
previously reported concussions. This component was significantly correlated with the 
number of concussions reported (even when just considering control athletes). There may 
be inaccuracies in the self-reported data and undiagnosed concussions that the players did 
not seek medical attention for. However, given recent research findings of severe CTE in 
young varsity athletes [1], this is an important result that requires further investigation. 
Our data suggests that concussion causes long-lasting and cumulative changes of brain 
microstructure and functional connectivity at 6 months or even years after injury. 
Abnormalities within central and primary white matter structures appear to be closely 
related to concussion history and are linked with altered functional connectivity.   
Using conjunction analysis approaches, we can appreciate that these long-term 
post-concussion disruptions along fundamental white matter tracts are directly linked 
with alterations in functional connectivity throughout the cortex. Changes in functional 
network architecture may be one way that the brain attempts to compensate for 
compromised microstructural integrity. Components related to SCAT3 scores generally 
had increased involvement of RS-fMRI connectivity. Functional hyperconnectivity 
patterns were not exclusively evident at 3 months post-concussion like in our previous 
study of younger male hockey players [23], however prolonged decreases in MD and AD 
were observed in both studies. Comparison between these two studies is difficult due to 
many different factors including age, sex, analytical approach, the use of a helmet, or 
sports-specific biomechanical factors. Future research efforts should investigate if these 
brain alterations are a precursor of neurodegenerative processes or if they can enable 
more specific predictions of recovery and vulnerability to re-injury.   
 The conjunction of MRI data from this complex cohort of female rugby players 
has shown that there are acute multiparametric imaging changes following concussion. 
While some of these changes may reflect acute neuroinflammatory disruptions that 
recover quickly along with symptomatic recovery, we found linked functional and white 
matter microstructural changes that remained altered 6 months after the concussion - well 
beyond clinical recovery and clearance to return to play. Linked imaging components 
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related to individual concussion history, where even currently healthy subjects with more 
previous concussions show proportionate decreases in AD within the fornix and corpus 
callosum linked with both structurally connected and distal cortical connectivity changes. 
Though some components related to clinical scores, the associated long-term clinical 
implication of these observations remains an open question. However, given the growing 
literature and the findings reported here, it is clear that concussions result in underlying 
white matter microstructural and linked functional connectivity changes that persist well 
beyond symptomatic recovery with a cumulative dependence on concussion history.  
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Chapter 4 
 
4 Structural and functional neuroimaging changes in 
female rugby players with and without a history of 
concussion 
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Ravi S. Menon 
 
Contact sports such as football, hockey and rugby involve repetitive impacts and 
accelerations of the head and brain. Although these impacts may not result in immediate 
concussion-like symptoms, there may be cognitive deficits and brain changes associated 
with years of contact play. Advanced multiparametric MRI may be sensitive to the 
underlying brain microstructure and functional alterations associated with repetitive 
impacts. We acquired 3T MRI data from female varsity contact (rugby) and age-matched 
non-contact (rowers and swimmers) athletes during the in- and off-season if they had not 
experienced a concussion within 6 months of data collection. The Sports Concussion 
Assessment Tool (SCAT3) was used to clinically monitor all athletes. A subset of rugby 
players wore head impact sensors during two practices and one game, and a subset of 
rowers wore head impact sensors during one practice. Rowers had no recorded impacts 
while 70% of the monitored rugby players experienced at least one impact (> 15 g). We 
analyzed longitudinal diffusion imaging and resting state functional MRI data from 
healthy contact athletes during the in-season (n = 71) and off-season (n = 60) (including 
some returning players across multiple years) and compared to non-contact athletes 
during the in-season (n = 31) and off-season (n = 23). We observed significantly 
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increased connectivity within the default mode network and lateral visual network, as 
well as altered diffusion measures, in contact athletes during both the in- and off-season 
compared to non-contact athletes. Within significantly altered regions of interest we also 
found that contact athletes had pairwise changes in brainstem diffusion between the in-
season and off-season, with progressive changes observed over multiple seasons. These 
changes were not present in non-contact athletes. Together, these findings suggest 
significant longitudinal changes in the brain’s microstructure and function in otherwise 
healthy, asymptomatic athletes participating in contact sport. Further research to 
understand the long-term brain health and biological implications of these changes is 
required, and in particular to what extent these changes reflect compensatory, reparative 
or degenerative processes.  
 
4.1 Introduction 
Athletes engaged in contact sports experience repetitive subclinical impacts over 
the course of multiple seasons. While it remains controversial, recent studies suggest that 
these seemingly innocuous impacts could have a significant cumulative effect on brain 
health [1–3]. Although some studies have not reported symptoms or cognitive deficits in 
non-concussed contact sport athletes [4], others have shown relationships with age of 
onset, distal concussion history, and years of contact play [2, 3, 5–7]. This is reinforced 
by task-based [7] and resting state (rs)-fMRI studies [8] that have identified altered 
connectivity between brain regions as a result of subclinical impacts. Differences in RS-
fMRI connectivity between contact and non-contact athletes at the beginning of season 
suggest cumulative effects from years of contact play or a history of concussion [8]. 
Diffusion tensor imaging (DTI) has also revealed fractional anisotropy (FA) and 
mean diffusivity (MD) changes, particularly in the corpus callosum [9], that correlated 
with the number of subclinical impacts and poor memory performance [10]. Additionally, 
changes in other structural measures like axial (AD) and radial diffusivity (RD) have 
been reported [11]. It is essential to understand the evolving nature of these changes 
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relative to non-contact athletes and with respect to the season, and whether the observed 
MRI changes are reflective of degenerative or reparative processes in the brain [8]. 
We followed a nationally competitive women’s varsity rugby team (contact) over 
multiple seasons (including a subset of athletes that participated in two consecutive 
seasons) and compared them to a single season of age-matched female varsity rowers and 
swimmers (non-contact). Multiparametric MRI data were acquired during the in-season 
and the off-season if the athlete did not experience a diagnosed concussion within 6 
months of data collection. A sports medicine physician monitored any clinical symptoms, 
cognitive and memory performance using the Sports Concussion Assessment Tool 
(SCAT3). A subset of rowers and rugby players wore head impact accelerometer sensor 
bands during practice and game play to quantify the number, location, velocity, and 
acceleration of impacts that were confirmed using time-stamped video recordings. By 
comparing these two groups of high-intensity athletes we aimed to determine if there are 
unique brain imaging and clinical changes associated with (a) contact play compared to 
non-contact play in general, (b) a history of concussion or (c) the in- and off-season 
periods and (d) across two consecutive years of contact play.   
 
4.2 Materials and Methods 
 
4.2.1 Study Design  
The University of Western Ontario’s Health Sciences Research Ethics Board 
approved the study and we obtained informed consent from each athlete prior to the start 
of each season. Imaging and clinical data were acquired from 74 contact athletes during 
the in-season and 63 contact athletes during the off-season (this includes some repeated 
seasons from returning players including a subset that participated in two consecutive 
seasons, average age [standard deviation (SD)] = 20 [1.5]). These data were used to 
compare to longitudinal data from concussed contact athletes in a previous publication 
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[12] and Chapter 3. A total of 31 non-contact athletes were recruited and assessed during 
the in-season and off-season (average age [standard deviation] was not significantly 
different between groups (p > 0.3) = 19.8 [1.8]). The women’s varsity rugby team was 
followed closely over a five-year period of national competition. These contact athletes 
participated in high-intensity training camp involving multiple daily contact practices and 
weekly games before in-season data collection while off-season data was collected while 
athletes were involved in non-contact training and monthly one-day tournaments. Full 
details on the activities throughout the rugby season have been detailed in a previous 
publication [12] and Chapter 3. Non-contact athletes (i.e. rowers and swimmers) began 
regular training and practices while in-season data were collected (late August, early 
September). Rowers trained six days a week with weekly regatta competitions until 
November. Swimmers trained six days a week with monthly swim meets until March. 
The off-season data were acquired approximately 6 months after in-season data collection 
and 2-3 months after the contact rugby practices and rowing season ended while the 
swimming off-season scans were obtained in March directly after their season ended. The 
athletes reported in this study had not experienced a diagnosed concussion (or 
concussion-related symptoms) within 6 months of the study. SCAT3 (Sport Concussion 
Assessment Tool version 3) were performed by a sports medicine physician at the in- and 
off-season time points according to the standard instructional guidelines [13].  
 
4.2.2 Head Impact Measurements and Analysis 
Rugby players and rowers wore a headband instrumented with a head impact 
sensor (GFT3, Artaflex Inc., Markham, Ontario, Canada) positioned at the occipital bone. 
Each sensor contains a tri-axial accelerometer, and a tri-axial gyroscope that measures 
linear acceleration (1 g resolution), and rotational velocity (1˚/s resolution), respectively. 
When an impact exceeded a linear acceleration of 15 g the sensor triggered and recorded 
8 ms of the impact preceding the threshold, and 32 ms of impact data following the 
threshold. Linear accelerations were sampled at 3000 Hz and filtered through an onboard 
analog low pass filter with a cutoff frequency of 300 Hz. Rotational velocity was sampled 
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at 800 Hz, and low pass filtered with a cutoff frequency of 100 Hz. All data collected 
were recorded on the sensors onboard memory. Impact data were uploaded to a cloud-
based server after each session, and each impact was date and time-stamped. Peak linear 
acceleration, and peak rotational velocity for each impact were calculated. 
Impacts were verified with video taken during the sessions. Game and practice 
video was recorded and analyzed during one rowing practice (60 minutes), one preseason 
rugby game (90 minutes) and two regular contact practices (60 minutes each) using a 
Sony Vixia HD camera mounted to a telescoping tower (EVS25, Endzone Video 
Systems, Sealy, Texas, United States). Each video was uploaded to a video analysis 
software program (dba HUDL, Agile Sports Technologies Inc., Lincoln, Nebraska, 
United States) and reviewed. 
 Head impact data can be skewed because of the high number of low magnitude 
impacts that are measured during a session. Therefore, a Shapiro-Wilks test was used to 
determine the normality of the distribution of the impact parameters: peak linear 
acceleration, peak rotational velocity, and max head injury criteria (HIC15). If the impact 
parameters were not normally distributed (p < 0.05) then non-parametric Wilcoxon sum 
of ranks analyses were conducted on the data and the medians and interquartile ranges 
were determined for the impact parameters comparing games and practices. The total 
number of impacts for the rowing sessions and total number of impacts in games and 
practices were determined. 
 
4.2.3 MRI Acquisition  
All MRI data were acquired on a 3T MR scanner (Siemens) with a 32-channel 
head coil. A coronal T2-weighted turbo spin echo sequence (TE/TR = 85/7640 ms, flip 
angle = 120˚, matrix size = 320 x 256, field of view (FOV) = 220 x 179 mm, number of 
slices = 43, slice thickness = 4 mm), a sagittal T1-weighted magnetization-prepared rapid 
acquisition gradient echo sequence (MPRAGE) (TE/TR = 2.94/2300 ms, flip angle = 9˚, 
matrix size = 256 x 256, FOV = 256 x 240 mm, number of slices = 160, slice thickness = 
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1.2 mm) and a fluid attenuated inversion recovery (FLAIR) image was acquired (TE/TR 
= 139/15000 ms, flip angle = 90˚, matrix size = 256 x 256, FOV = 256 x 256 mm, 
number of slices = 50, slice thickness = 3 mm). A 10-minute resting state functional MRI 
gradient echo echo-planar imaging sequence (TE/TR = 30/2500 ms, FA = 90˚, matrix 
size = 80 x 80, FOV = 240 x 240 mm, number of slices = 45, slice thickness = 3mm) was 
acquired while the individual remained still with eyes open. A spin echo diffusion tensor 
imaging sequence (TE/TR = 79/7200 ms, matrix size = 98 x 98, FOV = 200 x 200 mm, 
number of slices = 64, slice thickness = 2 mm, b1 = 0, b2 = 1000 s/mm2, gradient 
directions = 64) was used for creating diffusion-weighted images.  
 
4.2.4 Diffusion Tensor Imaging Analysis 
Diffusion data were analyzed using the Functional Magnetic Resonance Imaging 
of the Brain (FMRIB) Software Library (FSL). Diffusion data were assessed for large 
motion and artifacts on a volume-by-volume basis. Data were corrected simultaneously 
for motion and eddy current distortion. Then a diffusion tensor was fit at each voxel 
within a brain-extracted mask and maps of diffusion parameters were generated based on 
the diffusion tensor eigenvectors and eigenvalues. In particular, diffusion maps of mean 
diffusion (MD), fractional anisotropy (FA), radial diffusion (RD) and axial diffusion 
(AD) were created. Once these maps were created in diffusion space, the images were 
preprocessed in order to perform tract-based spatial statistics. This involved eroding the 
FA images slightly to remove outliers (near the edge of the brain and the bottom and top 
slices) and non-linear registration to standard space using the FMRIB58 FA 1 mm 
isotropic image. Once transformed to standard space a skeletonized FA image was 
created using an FA threshold of 0.2. The other diffusion metrics were projected onto this 
same skeleton and statistically compared amongst groups of subjects on a voxel-wise 
basis using permutation and threshold-free cluster enhancement, correcting for multiple 
comparisons across voxels and groups (corrected p < 0.001).  
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4.2.5 Resting State Functional MRI Analysis 
Resting state fMRI (RS-fMRI) data were preprocessed with the fMRI Expert 
Analysis Tool (FEAT) in FSL and included brain extraction, affine rigid-body motion 
correction with 12 degrees of freedom, 5mm spatial smoothing, and high pass frequency 
filtered at 0.01 Hz. The RS-fMRI data were registered to their respective MPRAGE 
anatomical image, which was in turn registered to standard MNI space. The 
transformation matrices were concatenated and applied to the preprocessed data. 
Preprocessed data were denoised further using independent component analysis (ICA) 
using automatic dimensionality determination where components related to noise artifacts 
(activation primarily outside the brain, within the cerebral spinal fluid (CSF) or within the 
white matter, and/or containing high frequency profiles) were removed through 
regression from the preprocessed data. The preprocessed and denoised data were 
concatenated across time and ICA was used once again to decompose the data into 20 
components. Ten resting state networks (RSN) were identified by correlating with 
previously identified RSNs robustly found in healthy subjects [14]. Dual regression 
algorithms were used to back-project into individual RSN for each subject and session 
and then RSNs were concatenated across subjects and assessed for statistical group 
differences (amongst in- and off-season contact [rugby] and non-contact athletes [rowers 
and swimmers]). We investigated RSNs that had a main effect for group differences 
using multiple ANOVAs, including the default mode network (DMN), somatosensory, 
executive, lateral visual and cerebellar network requiring p < 0.001 to correct for 
multiple comparisons. 
 
4.2.6 Statistical Analysis 
To understand the differences between the contact and non-contact athletes 
multiple t-tests were performed to evaluate differences amongst the four groups 
(specifically between the contact and non-contact athletes). To determine if there were 
significant differences between in- and off-season two separate within-subjects paired t-
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tests were performed for the contact and non-contact athletes separately and only 
included participants with both in- and off-season data (p < 0.001). For a subset of rugby 
players with two years of concussion-free data (n = 12), we examined repeated within-
subject measures over time using repeated measures ANOVA. In an attempt to 
understand if current participation in contact play or previous concussion history were 
driving any imaging changes, we also compared contact athletes with and without a 
concussion history using a two-tailed independent t-test (p < 0.05). A hypothesis-driven 
Pearson correlation analysis was performed between imaging data and relevant SCAT3 
composite scores as well as concussion history, with family-wise error Bonferroni 
correction. The correlations between the changes in imaging and SCAT3 composite 
scores were calculated if there were any significant changes in these measures between 
the in- and off-season.  
 
4.3 Results 
 
4.3.1 Clinical Results 
The results include data from n = 71 contact athletes during the in-season, n = 60 
players during the off-season (three datasets had excessive motion during the RS-fMRI 
acquisition and eight athletes experienced a concussion before the off-season scan), n = 
31 non-contact athletes during the in-season and off-season (n = 23, some athletes were 
no longer on the team or had new piercings that could not be removed for the off-season 
MRI).  
Contact vs. non-contact 
Off-season non-contact athletes had on average more SCAT3 self-reported symptoms 
(average [SD] = 4.26 [4.12]) with greater self-reported severity (6.87 [8.00]) compared to 
the contact athletes (both in- and off-season data) (F > 4, p < 0.01).  
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Pairwise changes between the in- and off-season 
When investigating measures within-subject (paired t-test between in- and off-season) n 
= 60 contact and n = 23 non-contact athletes with complete data were included. There 
was a significant increase in the immediate memory (from an average [SD] of 
14.33 [1.32] to 14.72 [0.56], p = 0.01) and concentration (3.07 [0.86] to 3.47 [0.75], p = 
0.003) composite scores for off-season contact athletes compared to their own in-season 
data and no significant changes for the non-contact athletes. Symptom scores 
(p = 0.0005) and severity (p = 0.002) were significantly higher for off-season non-contact 
athletes compared to in-season.  
 
4.3.2 Accelerometer Results 
Only athletes that experienced at least one impact during practice or game play 
were included for statistical analysis. A total of 26 rugby players met this inclusion 
criterion; nine rowers and n = 11 rugby players did not receive impacts with a linear 
acceleration > 15 g). All impact parameters failed the Shapiro-Wilks test of normality 
(p < 0.05). Impact parameters were skewed and kurtotic so non-parametric descriptors 
were used. A total of 151 impacts were collected and the impact parameters are described 
in Table 4-1. The median peak linear acceleration, rotational velocity, and average 
number of impacts experienced during practices was generally greater than impacts 
measured during the game, though not significantly different. The median peak HIC15 
(head injury criteria i.e. the maximum exponentially weighted integral within a 15 ms 
window of time) of impacts experienced during games were slightly higher though not 
significantly different than impacts measured during practice. 
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Table 4-1: Head impact sensor data for the rugby players that experienced at least one 
impact exceeding 15 g during two monitored practices and one game. (IQR = 
interquartile range, HIC15 = head injury criteria i.e. the maximum exponentially weighted 
integral within a 15 ms window of time) 
Rugby 
head 
impacts 
Number of 
impacts 
exceeding 
15 g 
Peak Linear 
Acceleration 
(Median and 
[IQR] g) 
Head 
Injury 
Criteria 
(HIC15) 
(Median 
and [IQR]) 
Peak 
Rotational 
Velocity 
(Median and 
[IQR] deg/s) 
Average 
number of 
impacts per 
included 
athlete 
[IQR] 
Total  151 25.05 [19.10-
31.72] 
8.9 [4.30-
14.40] 
1286.00 
[895.50-
2260.50] 
3 [1-6] 
Impacts 
during 
two 
practices 
115 26.05 [19.89-
31.98]  
8.70 [3.90-
13.40] 
1293.00 
[889.50-
2307.00]  
2 [1-6] 
Impacts 
during 
game 
36 23.07 [18.69-
27.22] 
10.95 
[5.85-
18.10] 
1230.50 
[908.25-
1867.50]  
1 [0-2] 
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4.3.3 Diffusion Tensor Imaging Results 
Contact vs. non-contact 
There were significant differences across all diffusion metrics within the FA 
skeleton when comparing contact against non-contact athletes. MD, RD and AD were all 
significantly higher (p < 0.001) in both the in- and off-season contact athletes compared 
to in-season non-contact athletes (and off-season only for AD values, though the other 
diffusion measures were close [p < 0.01] but did not survive statistical correction). FA 
was significantly lower for in- and off-season rugby players compared to in-season 
swimmers and rowers (p < 0.001). Select slices showing the results of the tract-based 
spatial statistics are shown in Figure 4-1. Diffusion changes were located along the 
corpus callosum, cingulum, brainstem, as well as portions of other white matter tracts 
including the superior longitudinal and inferior occipital fasciculi.   
Pairwise changes between the in- and off-season 
A region of interest (ROI) analysis was performed on inferior portions of white 
matter tracts within the brainstem (shown in Figure 4-1E), and three sections of the 
corpus callosum (genu, splenium and body) constrained to the FA-derived skeleton. The 
brainstem ROI was investigated due to our previous finding of linked decreases in MD 
and AD as well as increased FA in that region for in-season and 24-72 hours post-
concussion data compared to off-season (Chapter 3). Only the brainstem ROI had 
significantly lower FA and higher MD, AD, and RD for contact athletes during the off-
season compared to their own data during the in-season (p < 0.001). There were no 
significant changes between the in- and off-season in the non-contact athletes (p > 0.001). 
For the subset of rugby players with two years of concussion-free data, there were 
significant repeated measures changes over time within the brainstem ROI (Figure 4-2). 
The AD within the genu of the corpus callosum (p = 0.02) and the splenium (p = 0.03) 
was significantly lower for contact athletes with a concussion history compared to those 
without.  
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Figure 4-1: Tract-based spatial statistics significant results (A-E) showing p < 0.001 
unless otherwise indicated. (F) Examples of the ROI analysis results with a star indicating 
a significant difference (corrected p < 0.001) between groups.  
(A) AD — In-Season Contact > In-Season Non-Contact  p < 0.001
(B) MD — Off-Season Contact > In-Season Non-Contact
(C) FA — In-Season Non-Contact > Off-Season Contact
(D) RD — In-Season Contact > In-Season Non-Contact
(E) AD — Contact Off-Season > In-Season (p < 0.05)
(F)    Body of the Corpus Callosum        Genu of the Corpus Callosum
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Figure 4-2: Longitudinal changes in axial diffusivity (B), mean diffusivity (C), fractional 
anisotropy (D) and radial diffusivity (E) in contact and non-contact athletes over two 
seasons or one season, respectively, within the brainstem ROI shown in (A) in yellow 
with the FA-skeleton shown in blue. (* = p < 0.05, ** = p < 0.01, *** = p < 0.001). 
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4.3.4 Resting State Functional Imaging Results 
Contact vs. non-contact 
In-season contact athletes had significantly greater connectivity between the DMN and 
the posterior cingulate cortex (PCC) compared to in- and off-season non-contact, but not 
for off-season contact (Figure 4-3, p = 0.003). Connectivity between the lateral visual 
network and areas throughout the occipital lobe was increased for in- and off-season 
contact athletes compared to in-season non-contact. In the PCC region of interest there 
was a significant main effect (ANOVA) amongst contact and non-contact groups (Figure 
4-3(F), p < 0.001). There were no significant differences in functional connectivity with 
the other resting state networks we explored.  
Pairwise changes between the in- and off-season 
Within the PCC ROI (sphere with 5 mm radius) there were no significant pairwise 
differences between the in- and off-season for contact or non-contact athletes. Therefore, 
data collected from contact athletes across two consecutive years was not explored. There 
were no significant differences in connectivity strength between the PCC and DMN when 
comparing rugby athletes with and without a concussion history (p = 0.8).  
4.3.5 Correlation Results 
Correlations were considered between SCAT immediate memory and concentration 
composite scores, number of self-reported concussions, all diffusion measures within the 
four regions of interest (brainstem and three sub-regions of the corpus callosum), and 
DMN connectivity within the PCC ROI separately for contact and non-contact athletes 
requiring p < 0.001. After Bonferroni correction, there was a significant correlation 
between the DMN connectivity strength within the PCC and the AD within the splenium 
ROI in contact athletes (r = -0.32, p = 0.0002) but not in non-contact athletes (r = 0.020, p 
= 0.9).  Pairwise changes between in- and off-season of diffusion measures within the 
brainstem were not significantly correlated with changes in SCAT3 immediate memory 
or concentration composite scores for contact athletes. 
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Figure 4-3: Resting state network results, where (A-D) show the average default mode 
network per group of subjects, (E) shows significant (p < 0.001) increases in connectivity 
for contact athletes compared to non-contact, with a yellow circle indicating the posterior 
cingulate cortex (PCC) region of interest. (F) Significant increases in connectivity 
between the PCC region of interest and the default mode network (* = p < 0.001). 
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4.4 Discussion 
In this study of female varsity athletes, we identified a number of differences in 
clinical, head impact, DTI, and RS-fMRI data collected from athletes participating in 
contact sports compared to non-contact sports. Notably, this was in the absence of a 
diagnosed concussion or symptoms within at least 6 months of the study. DTI was used 
to detect alterations throughout the white matter in contact compared to non-contact 
athletes. This included regions along white matter tracts like the cingulum and the corpus 
callosum, as well as the white matter in deep brain structures like the brainstem. With 
these changes in functionally related regions and tracts, we expected to see changes in 
RS-fMRI network connectivity. We found increased connectivity within the DMN and 
laminar visual network in the contact compared to non-contact athletes.  
Rugby players experience subclinical impacts and rotations in practice and game 
play. A study of amateur male rugby players estimated 77 head impacts exceeding 10 g 
acceleration per game, with higher rotational acceleration than other previously studied 
cohorts [15]. A more recent study of female rugby players found on average 14 head 
impacts (> 10 g) per player per game [16]. The rugby team studied here participated in an 
in-season training camp where they experience subclinical impacts during multiple daily 
practices and weekly games as they endeavor to make the team. Some athletes may also 
participate in summer rugby leagues, so the “in-season” DTI data likely reflects effects 
accrued due to several consecutive months of high-impact activity even though it is 
acquired relatively early in their season. The devices used in this study had a higher 
threshold of 15 g and detected roughly five impacts per player per practice and two 
impacts per player per game. Published data from New Zealand rugby union players 
indicates that 45% of head impacts have magnitudes between 10 and 15 g [17]. During a 
single practice, the rowers did not experience any impacts while 70% of the monitored 
rugby players experienced at least one impact (> 15 g) during two practices and one pre-
season game. The rugby team has four contact practices and one game per week; 
therefore subclinical impacts likely accumulate throughout a full season of rugby and 
considerably over years of participation in contact sport.  
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In vivo studies of maximal shear and strain forces exerted upon the human brain 
showed that frontal lobe regions, the brainstem and tracts that border the grey matter 
experience the greatest forces, even with very low rotational motion [18]. Though we can 
confirm the presence of repetitive impacts in this rugby cohort, our data collection was 
limited to a relatively small number of players during two practices and a single game 
due to longitudinal nature of the study and league rules that would not allow the use of 
headband accelerometers during game play. This made a direct correlation analyses 
between imaging and accelerometer data unfeasible. However, previous MRI studies 
suggest that changes in white matter diffusion properties are directly related to the 
number of impacts [8,19,20] and are not observed in non-contact sports such as track, 
rowing, and skiing [10], which is in agreement with out results.  
 Clinically the rowers and swimmers reported significantly more symptoms with 
higher severity compared to the rugby players, despite the absence of concussion. This 
finding demonstrates the limitations and challenges of using subjective self-reported 
symptoms to diagnose and monitor athletes. The swimmers and rowers may not have 
completed a SCAT3 examination before enrolling in this study, therefore an exposure 
effect could be driving the difference between these two groups of athletes. The 
symptoms reported could also relate to the long season and the accumulation of fatigue 
and muscle strain, particularly for the swimmers who were assessed very shortly after the 
season ended. However, we did observe pairwise improvements in immediate memory 
and concentration composite scores between the in- and off-season in contact athletes 
only, and this may reflect improvements in non-subjective clinical measures during a 
relative break from contact practices during the off-season training period. Changes in 
clinical composite measures were not significantly correlated with changes in imaging 
parameters (p > 0.001), however this was somewhat expected due to the insensitivity of 
the clinical and cognitive measures. 
In this study, we found distinct increases in MD, RD and AD and decreased FA, 
some of which overlapped in the same white matter regions (mainly portions of the 
corpus callosum) in contact athletes compared to non-contact athletes. This provides 
further evidence of long-lasting changes in the brain’s microstructure due to years of 
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contact play and a history of concussion. These widespread diffusion changes may 
represent neuroinflammatory processes. However, given that fluctuations between the in- 
and off-season were only observed in white matter within the brainstem, widespread 
changes in myelin, microglial priming or water content are more likely. This may be a 
compensatory response to the repetitive impacts experienced through training and 
competition, which continue to progress over years of play. Another possibility is the 
presence of neurodegenerative processes in these relatively young athletes [21] resulting 
in accelerated age-related changes in white matter diffusion properties [22]. These 
possible explanations may not be exclusive: distinct brain regions exhibit different 
changes related to the distribution of forces throughout the brain. Importantly, average 
group differences represent a distribution of data where some contact athletes may be 
within normal, non-contact ranges and a subset may exhibit substantial microstructural 
alterations. This is consistent with more detailed studies of neurological performance, 
where athletes could be separated into three categories: concussed athletes with 
symptoms and cognitive impairment, and non-concussed athletes with and without 
cognitive impairment despite lack of symptoms [7]. 
Studies focusing on DTI changes of concussion appear to be severity and time-
dependent with a number of studies observing conflicting directions of change. Previous 
studies focusing on more severe models of traumatic brain injury (TBI) have reported 
decreases in FA in areas like the corpus callosum, possibly due to disruption of axonal 
structure and demyelination [23]. Some recent reports of mild TBI report an increase in 
FA and decrease in MD [20, 24–26] and many compare concussed athletes to a control 
group of healthy contact sport athletes without regard or specification of the scan time 
relative to the season [24, 27–29]. The use of control groups exposed to subclinical 
impacts over years of play, without consideration of the time of the baseline acquisition 
relative to the season of play, could contribute to the lack of consensus in the literature on 
the direction and interpretation of changing DTI metrics and connectivity.  
Increased MD and decreased FA have also been reported in previous studies of 
non-concussed football and hockey players[10], and increased RD and AD were reported 
in the corpus callosum of male soccer players compared to non-contact swimmers (with 
136 
 
no changes in MD or FA) [30]. There may also be sex-related differences in how the 
brain responds to repetitive sports-related impacts. A recent study examining non-
concussed female and male hockey players before and after the season observed that 
female athletes had significant decreases in FA and increases in MD, RD and AD while 
male athletes showed no changes [31]. Here we replicated those season-related findings 
within the brainstem, showing progressive changes over two consecutive seasons of 
contact play. We were able to expand on these results by comparing to a control group of 
age-matched, high intensity female non-contact athletes to show that changes in diffusion 
between the in- and off-season were only present in contact athletes. Furthermore, we 
observed differences in diffusion metrics in contact athletes within the corpus callosum 
compared to non-contact athletes in general, suggesting cumulative effects from years of 
participation in contact sport or a history of concussion.  
Resting state hyperconnectivity patterns have been found after concussion [32] 
and during the season in contact athletes compared to non-contact sport controls [33]. 
Similar to our study, regional hyperconnectivity with the DMN at the beginning and end 
of season have been reported suggesting a long-term effect from years of play. This was 
consistent with our findings, although we found no changes in connectivity between the 
in- and off-season data. We also found increased connectivity between the lateral visual 
network and areas throughout the visual cortex. DMN connectivity with the PCC was 
negatively correlated with AD within the splenium of the corpus callosum for contact 
athletes but not non-contact athletes. Hyperconnectivity may be a compensatory 
mechanism to recruit widespread regions in order to continue execution of normal 
function or regulation during periods of exposure to repetitive sport-related impacts or 
concussions.  
We previously reported hyperconnectivity patterns in younger male, concussed 
hockey players compared to an independent non-concussed control group with no 
concussion history [32]. We did not replicate this finding in the concussed varsity rugby 
players, perhaps because the non-concussed control group of rugby players had more 
years of exposure to repetitive sports-related impacts, and in some cases, concussions or 
due to differences in sex, age, and sport. Here we found that asymptomatic rugby players 
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exhibited hyperconnectivity within two RSNs, regardless of concussion history or time 
relative to the season, suggesting that there are persistent alterations in network 
connectivity related to years of contact play. Of course, resting state connectivity is 
sensitive to blood oxygenation and blood volume changes, therefore neurovascular 
coupling and altered cerebral blood flow could be responsible for these effects [34]. 
Changes in MR spectroscopy absolute concentrations have been previously reported in a 
subset of these rugby players, where glutamine concentrations were reduced 
longitudinally post-concussion and during the off-season, which may relate to a decrease 
or evolving shift in oxidative metabolism [12].  
Rowers and swimmers did not have a history of concussion (except one rower 
who had one previous concussion and was therefore omitted from analyses regarding 
concussion history). Coaches and trainers closely monitored the rugby cohort for 
concussions, however previous concussions may still have a non-uniform effect on MRI 
measures. We did not include athletes with a concussion within 6 months of data 
collection, however there may be long-term effects of concussion. We previously 
reported both acute and persistent decreases in MD, AD and increased FA in a subset of 
concussed rugby players within the inferior portions of the brainstem and the corpus 
callosum, respectively (Chapter 3). Here we report that the AD within the genu and 
splenium of the corpus callosum was significantly higher in contact athletes without a 
concussion history compared to those with a concussion history. Given that we also 
found contact athletes in general had increased diffusivities compared to non-contact 
athletes, the diffusion changes we observed may indeed reflect compensatory processes 
that are offset chronically due to a history of concussion. This could be one 
neurobiological reason why athletes with a concussion history may be more vulnerable to 
injury and perhaps why subsequent concussions often involve more serious or long-
lasting symptoms [35, 36]. 
While the collective physiological interpretation of these changes is complex, the 
nature of repetitive impacts experienced by these female rugby players clearly affects 
multiparametric imaging measures across both single and multiple seasons of contact 
play. Our observations may reflect ongoing neuroprotective mechanisms or 
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compensatory processes that help protect the brain from injury and damage due to 
repetitive impacts. If the brain exhausts this potential ability to protect itself through 
long-term exposure to repetitive impacts or concussions, is it more susceptible to 
concussion and at risk of neurodegenerative processes later in life? Combined animal 
imaging and histological studies that model repetitive subclinical impacts may aid in 
understanding the specific changes in brain physiology that underlie the diffusion and 
functional connectivity changes we reported here. However based on these findings, 
future studies of concussion must include details about the control group especially when 
comparing concussed athletes to non-concussed contact athletes who do experience 
sports-related impacts and progressive effects on the brain’s microstructure and function.    
 
 
 
 
 
 
 
 
 
 
 
 
 
139 
 
4.5 References 
 
[1] K. M. Breedlove, E. L. Breedlove, M. Robinson, V. N. Poole, J. R. K. Iii, P. 
Rosenberger, M. Rasmussen, T. M. Talavage, L. J. Leverenz, and E. A. Nauman, 
“Detecting Neurocognitive and Neurophysiological Changes as a Result of 
Subconcussive Blows in High School Football Athletes,” Athl. Train. Sport. Heal. 
Care, vol. 6, no. X, pp. 1–9, 2014. 
[2] A. B. Shuttleworth-Edwards, I. Smith, and S. E. Radloff, “Neurocognitive 
vulnerability amongst university rugby players versus noncontact sport controls.,” 
J. Clin. Exp. Neuropsychol., vol. 30, no. 8, pp. 870–884, 2008. 
[3] C. Killam, R. L. Cautin, and A. C. Santucci, “Assessing the enduring residual 
neuropsychological effects of head trauma in college athletes who participate in 
contact sports.,” Arch. Clin. Neuropsychol., vol. 20, no. 5, pp. 599–611, Jul. 2005. 
[4] J. R. Miller, G. J. Adamson, M. M. Pink, and J. C. Sweet, “Comparison of 
preseason, midseason, and postseason neurocognitive scores in uninjured 
collegiate football players.,” Am. J. Sports Med., vol. 35, no. 8, pp. 1284–8, Aug. 
2007. 
[5] M. L. Alosco, A. B. Kasimis, J. M. Stamm, A. S. Chua, C. M. Baugh, D. H. 
Daneshvar, C. A. Robbins, M. Mariani, J. Hayden, S. Conneely, R. Au, A. Torres, 
M. D. McClean, A. C. McKee, R. C. Cantu, J. Mez, C. J. Nowinski, B. M. Martin, 
C. E. Chaisson, Y. Tripodis, and R. A. Stern, “Age of first exposure to American 
football and long-term neuropsychiatric and cognitive outcomes.,” Transl. 
Psychiatry, vol. 7, no. 9, p. e1236, Sep. 2017. 
[6] T. W. McAllister, L. A. Flashman, A. Maerlender, R. M. Greenwald, J. G. 
Beckwith, T. D. Tosteson, J. J. Crisco, P. G. Brolinson, S. M. Duma, A. C. 
Duhaime, M. R. Grove, and J. H. Turco, “Cognitive effects of one season of head 
impacts in a cohort of collegiate contact sport athletes - with comments,” 
Neurology, vol. 78, no. 22, pp. 1777–1784, 2012. 
[7] T. M. Talavage, E. Nauman, E. L. Breedlove, U. Yoruk, A. E. Dye, K. Morigaki, 
H. Feuer, and L. J. Leverenz, “Functionally-Detected Cognitive Impairment in 
High School Football Players Without Clinically-Diagnosed Concussion,” J. 
140 
 
Neurotrauma, vol. 31, pp. 327–338, 2010. 
[8] K. Abbas, T. E. Shenk, V. N. Poole, E. L. Breedlove, L. J. Leverenz, E. A. 
Nauman, T. M. Talavage, and M. E. Robinson, “Alteration of default mode 
network in high school football athletes due to repetitive subconcussive mild 
traumatic brain injury: a resting-state functional magnetic resonance imaging 
study.,” Brain Connect., vol. 5, no. 2, pp. 91–101, Mar. 2015. 
[9] J. M. Stamm, I. K. Koerte, M. Muehlmann, O. Pasternak, A. P. Bourlas, C. M. 
Baugh, M. Y. Giwerc, A. Zhu, M. J. Coleman, S. Bouix, N. G. Fritts, B. M. 
Martin, C. Chaisson, M. D. McClean, A. P. Lin, R. C. Cantu, Y. Tripodis, R. A. 
Stern, and M. E. Shenton, “Age at First Exposure to Football Is Associated with 
Altered Corpus Callosum White Matter Microstructure in Former Professional 
Football Players,” J. Neurotrauma, vol. 32, no. 22, pp. 1768–1776, Nov. 2015. 
[10] T. W. McAllister, J. C. Ford, L. A. Flashman, A. Maerlender, R. M. Greenwald, J. 
G. Beckwith, R. P. Bolander, T. D. Tosteson, J. H. Turco, R. Raman, and S. Jain, 
“Effect of head impacts on diffusivity measures in a cohort of collegiate contact 
sport athletes,” Neurology, vol. 82, no. 1, pp. 63–69, 2014. 
[11] I. K. Koerte, D. Kaufmann, E. Hartl, S. Bouix, O. Pasternak, M. Kubicki, A. 
Rauscher, D. K. B. Li, S. B. Dadachanji, J. a Taunton, L. a Forwell, A. M. 
Johnson, P. S. Echlin, and M. E. Shenton, “A prospective study of physician-
observed concussion during a varsity university hockey season: white matter 
integrity in ice hockey players. Part 3 of 4.,” Neurosurg. Focus, vol. 33, no. 6, p. 
E3: 1-7, 2012. 
[12] A. L. Schranz, K. Y. Manning, G. A. Dekaban, L. Fischer, T. Jevremovic, K. 
Blackney, C. Barreira, T. J. Doherty, D. D. Fraser, A. Brown, J. Holmes, R. S. 
Menon, and R. Bartha, “Reduced brain glutamine in female varsity rugby athletes 
after concussion and in non-concussed athletes after a season of play,” Hum. Brain 
Mapp., vol. 39, no. 4, pp. 1489–1499, Apr. 2018. 
[13] “SCAT3.,” Br J Sport. Med, vol. 47, no. 5, p. 259, Apr. 2013. 
[14] S. M. Smith, P. T. Fox, K. L. Miller, D. C. Glahn, P. M. Fox, C. E. Mackay, N. 
Filippini, K. E. Watkins, R. Toro, A. R. Laird, and C. F. Beckmann, 
“Correspondence of the brain’s functional architecture during activation and rest,” 
141 
 
Proc. Natl. Acad. Sci., vol. 106, no. 31, pp. 13040–13045, Aug. 2009. 
[15] D. A. King, P. A. Hume, M. Brughelli, and C. Gissane, “Instrumented Mouthguard 
Acceleration Analyses for Head Impacts in Amateur Rugby Union Players Over a 
Season of Matches,” Am J Sport. Med, vol. ePub, no. ePub, p. ePub-ePub, 2014. 
[16] D. A. King, P. A. Hume, C. Gissane, D. C. Kieser, and T. N. Clark, “Head impact 
exposure from match participation in women’s rugby league over one season of 
domestic competition,” J. Sci. Med. Sport, vol. 21, no. 2, pp. 139–146, Feb. 2018. 
[17] D. King, P. Hume, C. Gissane, M. Brughelli, and T. Clark, “The Influence of Head 
Impact Threshold for Reporting Data in Contact and Collision Sports: Systematic 
Review and Original Data Analysis,” Sport. Med., vol. 46, no. 2, pp. 151–169, 
Feb. 2016. 
[18] P. V. Bayly, T. S. Cohen, E. P. Leister, D. Ajo, E. C. Leuthardt, and G. M. Genin, 
“Deformation of the Human Brain Induced by Mild Acceleration,” J. 
Neurotrauma, vol. 22, no. 8, pp. 845–856, 2005. 
[19] E. M. Davenport, C. T. Whitlow, J. E. Urban, M. a Espeland, Y. Jung, D. a 
Rosenbaum, G. Gioia, A. K. Powers, J. D. Stitzel, and J. a Maldjian, “Abnormal 
White Matter Integrity Related to Head Impact Exposure in a Season of High 
School Varsity Football.,” J. Neurotrauma, vol. 8, pp. 1–32, 2014. 
[20] J. J. Bazarian, T. Zhu, B. Blyth, A. Borrino, and J. Zhong, “Subject-specific 
changes in brain white matter on diffusion tensor imaging after sports-related 
concussion,” Magn. Reson. Imaging, vol. 30, no. 2, pp. 171–180, 2012. 
[21] J. Mez, D. H. Daneshvar, P. T. Kiernan, B. Abdolmohammadi, V. E. Alvarez, B. 
R. Huber, M. L. Alosco, T. M. Solomon, C. J. Nowinski, L. McHale, K. A. 
Cormier, C. A. Kubilus, B. M. Martin, L. Murphy, C. M. Baugh, P. H. 
Montenigro, C. E. Chaisson, Y. Tripodis, N. W. Kowall, J. Weuve, M. D. 
McClean, R. C. Cantu, L. E. Goldstein, D. I. Katz, R. A. Stern, T. D. Stein, and A. 
C. McKee, “Clinicopathological Evaluation of Chronic Traumatic Encephalopathy 
in Players of American Football,” JAMA, vol. 318, no. 4, pp. 360–370, Jul. 2017. 
[22] C. E. Sexton, K. B. Walhovd, A. B. Storsve, C. K. Tamnes, L. T. Westlye, H. 
Johansen-Berg, and A. M. Fjell, “Accelerated changes in white matter 
microstructure during aging: a longitudinal diffusion tensor imaging study.,” J. 
142 
 
Neurosci., vol. 34, no. 46, pp. 15425–36, Nov. 2014. 
[23] M. F. Kraus, T. Susmaras, B. P. Caughlin, C. J. Walker, J. A. Sweeney, and D. M. 
Little, “White matter integrity and cognition in chronic traumatic brain injury: A 
diffusion tensor imaging study,” Brain, vol. 130, no. 10, pp. 2508–2519, 2007. 
[24] L. C. Henry, J. Tremblay, S. Tremblay, A. Lee, C. Brun, N. Lepore, H. Theoret, D. 
Ellemberg, and M. Lassonde, “Acute and Chronic Changes in Diffusivity 
Measures after Sports Concussion,” J. Neurotrauma, vol. 28, no. 10, pp. 2049–
2059, 2011. 
[25] A. R. Mayer, J. M. Ling, Z. Yang, A. Pena, R. A. Yeo, and S. Klimaj, “Diffusion 
Abnormalities in Pediatric Mild Traumatic Brain Injury,” J. Neurosci., vol. 32, no. 
50, pp. 17961–17969, 2012. 
[26] E. A. Wilde, S. R. McCauley, J. V Hunter, E. D. Bigler, Z. Chu, Z. J. Wang, G. R. 
Hanten, M. Troyanskaya, R. Yallampalli, X. Li, J. Chia, and H. S. Levin, 
“Diffusion tensor imaging of acute mild traumatic brain injury in adolescents,” 
Neurology, vol. 70, no. 12, pp. 948–955, Mar. 2008. 
[27] W. B. Barr, L. S. Prichep, R. Chabot, M. R. Powell, and M. McCrea, “Measuring 
brain electrical activity to track recovery from sport-related concussion,” Brain 
Inj., vol. 26, no. 1, pp. 58–66, 2012. 
[28] S. M. Czerniak, E. M. Sikoglu, A. A. Liso Navarro, J. McCafferty, J. Eisenstock, J. 
H. Stevenson, J. A. King, and C. M. Moore, “A resting state functional magnetic 
resonance imaging study of concussion in collegiate athletes,” Brain Imaging 
Behav., vol. 9, no. 2, pp. 323–332, 2014. 
[29] V. A. Cubon, M. Putukian, C. Boyer, and A. Dettwiler, “A diffusion tensor 
imaging study on the white matter skeleton in individuals with sports-related 
concussion,” J Neurotrauma, vol. 28, no. 2, pp. 189–201, 2011. 
[30] I. K. Koerte, B. Ertl-Wagner, M. Reiser, R. Zafonte, and M. E. Shenton, “White 
matter integrity in the brains of professional soccer players without a symptomatic 
concussion.,” JAMA, vol. 308, no. 18, pp. 1859–61, Nov. 2012. 
[31] N. Sollmann, P. S. Echlin, V. Schultz, P. V. Viher, A. E. Lyall, Y. Tripodis, D. 
Kaufmann, E. Hartl, P. Kinzel, L. A. Forwell, A. M. Johnson, E. N. Skopelja, C. 
Lepage, S. Bouix, O. Pasternak, A. P. Lin, M. E. Shenton, and I. K. Koerte, “Sex 
143 
 
differences in white matter alterations following repetitive subconcussive head 
impacts in collegiate ice hockey players,” NeuroImage Clin., vol. 17, pp. 642–649, 
2018. 
[32] K. Y. Manning, A. Schranz, R. Bartha, G. A. Dekaban, C. Barreira, A. Brown, L. 
Fischer, K. Asem, T. J. Doherty, D. D. Fraser, J. Holmes, and R. S. Menon, 
“Multiparametric MRI changes persist beyond recovery in concussed adolescent 
hockey players.,” Neurology, vol. 89, no. 21, pp. 2157–2166, Nov. 2017. 
[33] K. Abbas, T. E. Shenk, V. N. Poole, E. L. Breedlove, L. J. Leverenz, E. A. 
Nauman, T. M. Talavage, and M. E. Robinson, “Alteration of default mode 
network in high school football athletes due to repetitive subconcussive mild 
traumatic brain injury: a resting-state functional magnetic resonance imaging 
study.,” Brain Connect., vol. 5, no. 2, pp. 91–101, Mar. 2015. 
[34] S. M. Slobounov, A. Walter, H. C. Breiter, D. C. Zhu, X. Bai, T. Bream, P. 
Seidenberg, X. Mao, B. Johnson, and T. M. Talavage, “The effect of repetitive 
subconcussive collisions on brain integrity in collegiate football players over a 
single football season: A multi-modal neuroimaging study,” NeuroImage Clin., 
vol. 14, pp. 708–718, 2017. 
[35] K. M. Guskiewicz, M. McCrea, S. W. Marshall, R. C. Cantu, C. Randolph, W. 
Barr, J. A. Onate, and J. P. Kelly, “Cumulative Effects Associated With Recurrent 
Concussion in Collegiate Football Players,” JAMA, vol. 290, no. 19, p. 2549, Nov. 
2003. 
[36] S. Slobounov, E. Slobounov, W. Sebastianelli, C. Cao, and K. Newell, 
“Differential rate of recovery in athletes after first and second concussion 
episodes,” Neurosurgery, vol. 61, no. 2, pp. 338–344, Aug. 2007. 
144 
 
Chapter 5 
 
5 Conclusions and Future Work 
The objectives of this thesis were to (a) characterize the structural and functional 
brain imaging changes associated with concussion, (b) assess the brain’s longitudinal 
recovery from concussion and/or a history of concussion and (c) identify if repetitive 
subclinical impacts experienced during contact play have an effect on brain structure and 
function compared to non-contact athletes. In this final chapter I will discuss the overall 
conclusions and discuss the findings related to each of these objectives. I will describe 
how this thesis advanced knowledge in the field as well as the limitations of the research 
presented. Finally, I will explore three potential avenues for future work.  
 
5.1 Summary and Conclusions 
 
5.1.1 Multiparametric MRI changes persist beyond symptom 
recovery 
In the second chapter of this thesis we studied a group of young hockey players 
within 3 days and 3 months of a diagnosed concussion and compared to an independent 
group of non-concussed peers. We found significant changes in white matter 
microstructure primarily in the brainstem and inferior portions of the corticospinal tract 
acutely post-concussion, as well as diffusion changes in the superior longitudinal 
fasciculus. These white matter alterations were accompanied by and related to acute 
changes in functional connectivity as well as clinical measures. At 3 months post-
concussion we found widespread increases in functional connectivity throughout the 
brain and within resting state networks along with persistent alterations in diffusion 
parameters that were maximal along the superior longitudinal fasciculus [1].  
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 This publication adds to the current state of knowledge of adolescent sports-
related concussion because we demonstrated that while clinical symptoms recover on 
average within 3 weeks of the concussion, MRI measures reflecting microstructural 
integrity and functional connectivity were altered 3 months post-concussion. The initial 
diffusion changes were significantly correlated with acute symptom severity, suggesting 
that a larger decrease in diffusion is related to a more severe concussion and a longer 
period of time before a sports physician approved return to play. Through probabilistic 
tractography and tract-based spatial statistics, we were able to demonstrate that changes 
in diffusion parameters were along white matter tracts that structurally connected cortical 
regions with acute functional connectivity changes. This finding was a first of its kind in 
the field of concussion research using advanced MRI techniques that clearly 
demonstrated that alterations in microstructure directly related to functional connectivity 
changes acutely after the injury in young athletes. 
Furthermore, while axonal disruption persisted beyond the recovery of clinical 
symptoms, we reported widespread hyperconnectivity patterns at 3 months post-
concussion. Once again, these hyperconnectivity patterns were related to diffusion 
parameters through correlation analysis. In particular, subjects with less evidence of 
axonal damage along the superior longitudinal fasciculus (for example, as indicated by 
relatively larger values of axial diffusion) were associated with higher connectivity 
values between multiple pairs of cortical regions. This relationship may reflect a 
distribution of recovery stages after concussion, especially in the young population of 
hockey players studied here who are participating in Bantam level play where body 
checking is first introduced and therefore they have limited exposure to impacts and 
concussions. Brain network plasticity may be a potential mechanism that can result in 
symptom scores that recover relatively quickly despite prolonged axonal damage.  
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5.1.2 Data-driven image analysis characterize brain structure-
function alterations on average and longitudinally in 
individual concussed athletes 
In the third chapter, we applied a data-driven analysis approach to the large 
amount of imaging data acquired from female varsity rugby players over a five-year 
period. We gathered data from healthy, non-concussed rugby athletes during the in-
season (contact try-outs, practices and game play) and off-season (primarily non-contact 
training) and compared to longitudinal data from concussed teammates at 24-72 hours, 3 
months and 6 months post-concussion. This powerful approach allowed us to quantify 
group level changes in the expression of linked multiparametric independent components 
that reflect neurobiological modes of variation due to concussion [2].  
This article contributes to the current state of knowledge in a number of different 
ways. Most concussion studies have limited longitudinal data and rarely access imaging 
data acquired closely before a concussion (including our previous work). Though studies 
with large numbers of subjects and carefully chosen control groups can accommodate for 
this quite well, the longitudinal within-subject data here is a clear advantage, especially 
given the complex factors that may contribute to imaging changes, including but not 
limited to a history of concussion, number of years exposed to repetitive impacts during 
contact play, previous recovery strategies, and ongoing neurodevelopment. This was a 
carefully designed study intended to capture the evolving and possibly persistent changes 
to brain structure-function after a sports-related concussion. Given our previous findings 
in younger hockey players and the use of a more mature cohort, we could expand and 
examine concussed athletes 6 months post-concussion, which is months beyond clinical 
symptomatic recovery.  
 Given the inter-related white matter abnormalities and functional connectivity 
changes described in Chapter 2, we expected that MR imaging measures would influence 
one another post-concussion. In terms of analysis, we wanted to take advantage of this 
fact and apply advanced, data-driven approaches that could easily deal with a more 
complex and extended longitudinal study design. Linked independent component analysis 
extracts conjunctive imaging changes associated with inter-subject variations that reflect 
147 
 
independent neurobiological processes [2,3]. This method simultaneously interrogates 
multiple imaging parameters of interest simultaneously and decomposes the data into a 
series of linked independent components. Each component is characterized by a series of 
spatial maps (one for each MRI metric of interest, for example mean diffusion or DMN 
connectivity strength) highlighting regions that have co-varying inter-subject changes. 
This allows for better integration of the multiparametric structural and functional imaging 
data and takes advantage of the assumption that measurement of white matter 
microstructure reflects processes that directly coincide with cortical functional 
connectivity changes.  
This analysis technique has been successfully applied to other large cohorts to 
investigate imaging changes across the lifespan or within disease cohorts [4,5], however 
it has not yet been applied to repeated measures from individual subjects over time. In 
our study we had a large amount of data (182 complete data sets) that included repeated 
data over time from single athletes. We carefully examined component weights to ensure 
that a single subject was not responsible for the variation associated with a linked 
independent component. We demonstrated that monitoring relevant linked component 
weights over time provided a reliable way to monitor individual athletes over time, in our 
case before and longitudinally after a concussion. Summarizing multiple MRI measures 
and their variations across the entire cohort into a single value (i.e. a component weight) 
provides three main benefits: (1) it limits the number of multiple statistical comparisons 
generally, (2) it allows data-driven integration of the data that reflect shared changes 
spatially throughout the whole brain instead of comparing specific regions of interest 
post-hoc and (3) it provides a more reliable way to monitor or compare individual 
subjects compared to monitoring single diffusion parameters and resting state 
connectivity values. 
Through this analysis we could isolate acute multiparametric brain changes post-
concussion that appear to recover along with the resolution of clinical symptoms and 
clearance to return to regular activity by a sports medical physician. These acute changes 
were driven by reductions in mean diffusion primarily in the inferior portions of multiple 
white matter tracts within the brain stem. Data acquired from healthy active rugby 
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athletes involved in contact practices and game play also demonstrated this change, albeit 
at a lower intensity. This was associated with lower axial diffusivity and increased 
fractional anisotropy compared to off-season data with little contribution from any of the 
resting state network connectivity characteristics studied here. This may reflect transient 
neuroinflammatory effects in brain regions at the common center point of rotation due to 
the structure of the head and neck, independent of the direction of the impact or primary 
direction of rotation. There were also acute changes in diffusion in this region found in 
our hockey cohort.  
The linked independent component that was associated with persistent 
multiparametric imaging changes post-concussion had contributions from all imaging 
measures however all three diffusion metrics dominated. There were significant 
decreases in mean and axial diffusivity as well as increased fractional anisotropy at 3 
months and 6 months post-concussion compared to both in- and off-season data. This 
appears to reflect persistent disruption along the corpus callosum, fornix and thalamus 
specific to concussion. These diffusion changes were associated with subtle changes in 
resting state network functional connectivity within cortical regions near affected white 
matter tracts as well as cortical regions in the distal outer cortex. We did not observe the 
widespread hyperconnectivity patterns that we reported in Chapter 2 in the hockey 
cohort. This may be related to a number of differences between the studies (gender, age, 
sport etc.) however what is probably most important is the differences in the control 
groups. Healthy rugby athletes (in- and off-season data) generally had more years 
exposed to repetitive sports-related impacts and a more extensive concussion history. 
Component weights were significantly correlated with the total number of self-reported 
concussions, even in currently healthy athletes without a concussion within 6 months of 
the study, where more extreme values indicating further white matter disruption were 
associated with more previous concussions.  
This analysis approach characterized many different parameters in a data-driven 
way to reveal linked changes in brain structure-function both acutely and persistently 
post-concussion. They were related to aspects of concussion history, where athletes with 
more self-reported concussions also demonstrated persistent disruption in central white 
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matter tracts and functional connectivity changes, even if they were concussion-free for 
more than 6 months. Concussion appears to trigger unique changes in the brain in the 
absence of persistent clinical symptoms.      
 
5.1.3 Brain imaging alterations and fluctuations associated with 
repetitive sports-related impacts  
There is growing evidence that repetitive impacts and rotational accelerations of 
the head can cause changes to the brain and subtle short and long-term neurocognitive 
changes without reaching the somewhat ambiguous level of concussion. The spectrum of 
mild traumatic brain injury is broad and undefined, with no consistent threshold of force 
or acceleration required to guarantee concussion and related symptoms [6]. Given the 
findings we report in Chapter 3, we hypothesized that the subclinical impacts cause both 
general and evolving changes in brain imaging measures. We also expected that some 
aspects of these changes would be affected by a history of concussion. In order to isolate 
these effects we acquired imaging and clinical in- and off-season data from female 
varsity (i.e. age-matched) rowers and swimmers to control for the potential effects of 
high-intensity exercise in general. By looking at data during the in- and off-season our 
objective was to isolate if there are acute effects of exposure to repetitive impacts, if there 
are persistent changes over time, and /or if there are image abnormalities in general 
associated with contact play or a history of concussion compared to non-contact athletes.  
This article contributed to the current state of knowledge through careful 
monitoring and analysis of contact and non-contact athletes, including a subset of rugby 
athletes with two consecutive years of complete concussion-free data. We found that 
contact athletes exhibited hyperconnectivity within the DMN, particularly within the 
posterior cingulate cortex, and within the lateral visual network during both the in- and 
off-season compared to non-contact athletes with no concussion history. Concussed 
hockey players demonstrated hyperconnectivity patterns as well, but we did not observe a 
differentiation between concussed rugby players and the in- and off-season rugby 
“control group”, possibly due to their years of exposure to sports-related impacts 
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compared to the hockey control group who had little exposure at that age and level of 
play. Hyperconnectivity in the DMN was not expressed differently between athletes with 
and without a history of reported concussions. 
These RS-fMRI changes correlated with changes in diffusion metrics along the 
corpus callosum, where contact athletes generally had increased MD, AD, RD, and 
decreased FA compared to non-contact athletes. This was in the opposite direction to the 
concussion-related changes we reported, suggesting a possible compensatory or 
neuroprotective mechanism that helps protect the brain throughout years of contact play. 
The exact neurobiology is difficult to infer, but could reflect increased water content or 
changes in myelin microstructure. We also investigated white matter tracts within the 
brainstem due to our findings in Chapter 3 and confirmed that there were fluctuations in 
all diffusion measures between the in- and off-season that were not present in non-contact 
athletes. Furthermore, data across two seasons of concussion-free contact play 
demonstrated linear trends over time reflecting a cumulative effect of contact play.    
Consistent with our results in Chapter 2, contact athletes with a concussion 
history had significantly lower AD within the genu and splenium of the corpus callosum 
compared to contact athletes without a history of concussion. This suggests that 
concussion triggers a series of longitudinal changes that may compromise the young 
brain’s ability to compensate or protect itself. This could be one neurobiological reason 
why athletes with a concussion history may be more vulnerable to injury and perhaps 
why subsequent concussions often involve more serious or long-lasting symptoms [7,8]. 
Together, longitudinal imaging data from a large sample of contact and non-contact 
athletes with and without a recent concussion or concussion history are able to 
characterize acute and longitudinal changes that may reflect the brain’s attempts to 
protect delicate white matter microstructure and retain normal function. However, after 
single or multiple concussions these potential neuroprotective mechanisms appear to be 
compromised and result in persistent disruption to the wiring and functional connectivity 
of the brain. It remains to be seen exactly how long these changes persist and if they are 
indeed a precursor of premature neurodegenerative processes.  
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5.2 Limitations 
The results of these three investigations together provide a more thorough 
understanding of the type and duration of brain imaging changes associated with 
concussion, repetitive sports-related impacts and a history of concussion, however there 
are limitations that will both inform and provide motivation for future studies. I will 
discuss these limitations across three main areas: (1) study design including patient and 
control cohorts and their clinical assessment, (2) the interpretation of indirect imaging 
techniques like resting state functional MRI and diffusion data and (3) image analysis 
approaches. 
 
5.2.1 Study Design Limitations 
The young hockey players studied in Chapter 2 were between the ages of 11-14 
years old and involved in Bantam leagues where body checking is first introduced (at the 
time of this study). This was a fairly small study investigating concussed athletes within 
24-72 hours of their injury and comparing them to an independent group of age-matched, 
non-concussed players. Therefore we could not directly compare concussed subjects with 
their own data before concussion. This limited our analysis to simple group-level 
differences at each time point. This is useful to determine concussion-related changes that 
are fairly consistent across athletes, however it may average out individual differences. 
This is important given that each concussion may involve unique mechanisms of injury 
(magnitude and direction of impact) and symptoms.  
The control group reported very few previous concussions however, given the 
somewhat subjective nature of clinical diagnosis, some concussions may have gone 
undiagnosed. The use of subjective clinical tests to diagnose young athletes with 
concussion is particularly limited, with even non-subjective measures being challenging 
(ex. Balance testing). Some of these limitations were also a factor in the rugby studies, 
however the non-subjective clinical tests were more reliable than acquiring them from 
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younger athletes. While the coaching staff closely monitored the varsity rugby team, 
undiagnosed concussions and under-estimates of self-reported concussion history may 
still be an important factor that compromises the findings. Rugby players are very 
familiar with SCAT and ImPACT evaluations and may under-report symptoms acutely or 
during recovery in an effort to return to the game. Interestingly, the swimmers and rowers 
reported more symptoms with higher severity ratings compared to rugby in- and off-
season data. The non-contact athletes most likely have not had experience with these 
evaluations and over-reported while contact athletes may underreport. This is a difficult 
challenge for sports medicine physicians who rely in part on symptom monitoring and 
honest recollections of what activities aggravate symptoms in order to decide on a 
concussed athlete’s course of recovery. Of course, this consequently limits correlation 
analysis with imaging metrics of interest and compromises the interpretation of any 
significant imaging changes. More sensitive neurocognitive assessments are available and 
though they are not standardly used in the field of sports medicine they would be a 
crucial addition for future research studies [9]. 
Given these clinical limitations, it would have been extremely useful to have other 
measures to help understand the imaging changes we reported. Impact accelerometers or 
sensors collected throughout the entire study would be a valuable metric to confirm what 
imaging changes were directly related to repetitive subclinical impacts. Unfortunately the 
longitudinal nature of the rugby study and the labor-intensive manual video screening 
required in order to confirm true head impacts (and not erroneously record removed 
sensors, for example) limited the feasibility of the continuous gathering of these measures 
[10]. League rules also do not allow for the use of headband accelerometers during match 
play. We did acquire impact data during two practices and one preseason game to 
confirm that non-concussed rugby players were indeed receiving impacts and gained 
insight into the average number of hits and rotational accelerations, though we could not 
correlate these directly with imaging data.    
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5.2.2 Limitations in Interpreting Imaging Data 
The advanced MR imaging techniques discussed in this thesis are sensitive to 
small changes in the blood oxygen level dependent (BOLD) signal and water diffusion 
properties, however they both are non-specific in terms of what underlying 
neurobiological changes they reflect. The BOLD signal represents an indirect measure of 
neuronal activity, where changes in cerebral blood flow, cerebral blood volume and 
relative oxygen levels all influence the measured signal. While it has been repeatedly 
shown that this signal is highly correlated with direct electrophysiological recordings of 
neuronal activity [11], the direct relationship between resting state fMRI fluctuations and 
neuronal activity is still not clear. In our case, concussion and subclinical impacts may 
have an effect on cerebral blood flow and cerebrovascular coupling independent of 
neuronal activity over time [12]. Therefore, changes in regional or network functional 
connectivity and architecture may actually reflect changes in blood flow rather than the 
assumption that it is reflecting changes in how the brain communicates. This is an 
important limitation to consider when interpreting changes in resting state connectivity 
patterns post-concussion, especially considering the multi-faceted and time-dependent 
cascade that has been demonstrated in animal models. 
Diffusion tensor imaging is sensitive to small changes in the amount and way 
water diffuses in the brain, but still suffers from lack of specificity. Changes in any 
diffusion metric may represent changes in the number, microstructure, or integrity of 
white matter tracts, or a combination of neurobiological changes within a voxel that 
represent thousands of potentially crossing neurons. This was a challenge in the research 
studies presented here, as changes occurred in different directions within different 
anatomical regions at different points in time. We attempted to circumvent this issue by 
relating MRI diffusion measures with clinical measures including a history of concussion 
but our discussion and conclusions always had to include multiple potential 
neurobiological changes that could explain the diffusion changes we observed.  
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5.2.3 Analysis Limitations 
As one can readily appreciate from this thesis alone, there are many different 
analysis approaches and choices that depend on the study design and specific hypotheses 
or objectives. This is a problem in the field of neuroimaging in general, where researchers 
continue to develop new, more sophisticated approaches of analyzing the data making 
replication and reliable comparisons difficult if not impossible. This is especially difficult 
when studying patient populations where you cannot see any physical brain changes and 
a direct, region-specific hypothesis cannot be readily posed. For stroke patients, for 
example, one can visibly see regions of cerebral edema and can readily formulate direct 
hypotheses as to where there will be damage to axons or cortical connectivity changes. 
While concussion may invoke reliable changes to central white matter structures, this 
may also be accompanied by distal and unpredictable changes in other brain regions. 
With that in mind, we chose to investigate whole-brain measures of microstructure and 
functional connectivity and required stringent correction for multiple comparisons. 
There are a number of choices that may change from study to study, including 
which measures to concentrate on (ex. axial or mean diffusion?) and where to extract 
them from to compare (ex. whole-brain or a specific tract or a region of interest?). 
Furthermore, most traditional analysis approaches simply determine average group-level 
changes but cannot reliably describe individual changes specific to injury mechanisms. 
The data-driven methods described in Chapter 3 attempt to automate these choices 
somewhat. While we still had to choose what metrics would be of potential interest and 
input into the linked independent component analysis, regions that had relatively large 
inter-subject variations were automatically generated, displaying which measures and 
which regions changed across our subject population. By representing multiparametric 
imaging data using a composite component weighting, we could reliably follow an 
individual athlete over time and compare to their own pre-concussion measures. 
However, both traditional and advanced approaches reveal imaging changes that are 
difficult to interpret. Despite this limitation we were able to replicate some imaging 
findings across the two concussion cohorts (younger, male hockey players and older, 
female rugby players) despite different analysis approaches. Through careful integration 
155 
 
of clinical data and history as well as longitudinal data from non-contact rowers and 
swimmers, we could provide some potential explanations of the underlying neurobiology 
that may be altered acutely and persistently post-concussion.  
 
 
5.3 Future Work 
 
5.3.1 Further Longitudinal Follow-Up of Contact Athletes 
The work presented in this thesis provides further evidence that sports-related 
concussions result in altered brain structure and function despite prompt recovery of 
clinical symptoms. It would be very interesting to acquire the same imaging data from 
former female rugby players years after they have ceased contact play and compare to 
former non-contact varsity athletes. We could then project from the current findings 
reported here and examine if there are two different trajectories as the subject’s age due 
to the concussions experienced during adolescence and early adulthood. One additional 
avenue for future research that has not been explored here is the gender-specific 
differences that may influence changes in the brain post-concussion [13]. By acquiring 
longitudinal imaging data from the male varsity rugby team and including their data in 
the linked independent component analysis, we could reproduce the linked components 
of interest and evaluate if male athletes express these acute and persistent changes 
differently. Given the longitudinal findings here, more sensitive clinical measures 
combined with continuous accelerometer data would provide better correlates of the 
imaging changes associated with contact play and concussion.         
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5.3.2 Thalamocortical resting state networks 
The analysis presented in this thesis isolated regions of the brain that appear to be 
susceptible to concussion and sports-related impacts. Given these findings, we could 
extend the analysis and develop further hypotheses to interrogate the data. For example, 
we found that central brain structures and white matter tracts had the largest diffusion 
changes following exposure to repetitive impacts during the season and after concussion. 
Primary structures like the thalamus are highly connected hubs that communicate with 
many cortical regions and resting state networks. It would follow that thalamocortical 
connections may be altered post-concussion and could relate more closely with clinical 
symptoms, as the thalamus is a critical relay center [14].  
To address this a future student could parcel the thalamus in a data-driven way 
based on resting state network connectivity patterns [15]. This would involve isolating 
average resting state networks using independent component analysis and correlating 
each network’s representative time series with each voxel within the thalamus for each 
subject (Figure 5-1 A). These could be averaged across groups (ex. independent hockey 
control group compared to post-concussion group) and compared to assess if there are 
changes in functional connectivity between the nuclei of the thalamus and the cortex. 
Preliminary results from hockey players post-concussion revealed no significant 
differences when compared to the control group (Figure 5-1 B), however given our 
previous findings there may be greater changes in connectivity after years of contact play 
and a history of concussion as seen in our rugby cohort compared to non-contact athletes 
like rowers and swimmers. This approach could be combined with structural connectivity 
approaches using the diffusion data in order to directly relate with any significant 
changes in thalamocortical functional connectivity.    
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Figure 5-1: (A) An example of the primary visual network (outlined and coloured blue) 
connectivity map projected on the thalamus (partial correlation from -0.5 to 0.5) and (B) 
the results using the thalamus region of interest in blue (threshold group partial 
correlation > 0.3) and the individual values with no significant differences between the 
control group or 24-72 hours and 3 months post-concussion (PC). Figure courtesy of 
Geoffrey Ngo.   
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5.3.3 Expanding the Linked Independent Component Analysis 
In Chapter 4 we investigated the differences between contact and non-contact 
athletes during the in- and off-season. Our two main objectives were to evaluate if there 
were differences between the two groups of athletes in general and over time between the 
in- and off-season. We chose to explore this data using whole-brain statistical tests for 
each measure of interest separately to allow for discovery of imaging changes not related 
to concussion and in order to make the findings more easy to interpret for a general 
audience. However, we were able to replicate our findings by including the rowers and 
swimmers in our original linked independent component analysis decomposition.  
In particular, we found that component 4 from Chapter 3 (which had significant 
differences in component weights between subjects 24-72 hours post-concussion and in-
season compared to off-season) also had significant differences between in-season data 
from non-contact athletes (Figure 5-2 A). This is consistent with our tract-based spatial 
statistics results where we identified that there were fluctuations in diffusion measures in 
white matter tracts within the brainstem between the in- and off-season in contact, but not 
non-contact, athletes. We also replicated component 1 from Chapter 3 that displayed 
widespread diffusion changes between rugby athletes with and without a history of 
concussion. By comparing with non-contact athletes we determined that rugby athletes 
without a concussion history had significantly greater MD and AD with decreased FA 
throughout the white matter with little associated changes in resting state connectivity 
(Figure 5-2 B). This replicates our tract-based spatial statistics results where we identified 
that the splenium and genu of the corpus callosum had significantly elevated MD and AD 
(and RD) with decreased FA in contact athletes without a concussion history compared to 
non-contact athletes and contact athletes with a concussion history.    
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Figure 5-2: Linked independent component analysis results for component 4 (from 
Chapter 3) that had significant changes between in-season and acute post-concussion data 
compared to off-season data and component 1 that was significantly different between 
rugby players with a concussion history (CH) compared to those with no concussion 
history (NCH). With rowers and swimmers included there were significant increases in 
component 4 weights during the off-season indicating increased MD in the brainstem (see 
Figure 3-2). Component 1 was significantly elevated for NCH rugby players indicating 
increased diffusion in multiple white matter tracts (see Figure 3-6).   
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5.3.4 Optimized Brain Health: The Interplay between 
Neuroplasticity and Vulnerability 
Multi-modal neuroimaging techniques can provide a wealth of information about 
complex features that contribute to underlying neurobiological processes. My research 
during my time at the Centre for Functional and Metabolic Mapping (CFMM), Robarts 
Research Institute has focused on utilizing advanced MRI techniques like resting state 
functional MRI and diffusion tensor imaging to study young subjects over time. Through 
this approach we can gain a more comprehensive understanding of the vulnerable 
developing brain. What is particularly fascinating is how functional architecture and 
white matter microstructure can change amidst repetitive traumatic insults to the brain, 
perinatal stroke, brain abnormalities, psychological manifestations and how the brain 
attempts to compensate, recover or adapt behavioral and cognitive function through 
neuroplastic reorganization. 
As the field moves towards larger, multi-modal data collection, there are still 
fundamental challenges that remain to fully take advantage of MRI’s clinical potential. 
Advanced analysis techniques are required not only to appreciate basic neurobiology, but 
also to observe deviations from typical neurocognitive development and to provide a 
deeper, more clinically relevant understanding of how the brain can functionally and 
structurally compensate and reorganize. Critically these techniques must be able to fuse 
multimodal MR imaging data, provide reliable longitudinal information at the individual 
subject level, and coherently describe simultaneous modes of neurobiological variation. 
My aims for the future are to continue to use advanced multi-modal neuroimaging 
techniques combined with powerful data fusion and computational brain network 
analyses. Together, these approaches will further our understanding of the complex 
structural, functional and metabolic neuronal processes underlying typical and atypical 
development and compensatory mechanisms. Through strong inter-disciplinary 
collaborations, this avenue of research could be used to quantitatively monitor and 
stratify neurological phenotypes, develop diagnostic and prognostic biomarkers of 
neuronal integrity and health, and optimize neuroplasticity and potential recovery 
strategies. 
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sensorimotor resting state network reorganization in hemiplegic CP subjects treated 
with constraint-induced movement therapy.” 
 
• Poster at Robarts Research Retreat. London, Canada (2014). Manning KY, Fehlings D, 
Mesterman R, Gorter JW, Switzer L, Campbell C, Menon RS. “Hemiplegic cerebral 
palsy & constraint-induced movement therapy: resting state functional magnetic 
resonance & diffusion tensor imaging predictors and neuroplasticity.” 
 
• Poster at the Southern Ontario Neuroscience Association (SONA) conference. London, 
Canada (2014). Manning KY, Fehlings D, Mesterman R, Gorter JW, Switzer L, 
Campbell C, Menon RS. “Hemiplegic cerebral palsy patients treated with constraint-
induced movement therapy: resting state fMRI and diffusion imaging predictors and 
neuroplastic reorganization.” 
 
• Poster at London Health Research Day (LHRD). London, Canada (2014). Manning 
KY, Fehlings D, Menon RS. “Hemiplegic cerebral palsy and constraint-induced 
movement therapy: resting state functional magnetic resonance and diffusion tensor 
imaging predictors and neuroplasticity.” 
  
• Oral Presentation at the International Society For Magnetic Resonance In Medicine 
(ISMRM) Annual Meeting. Milano, Italy. Proc. Intl. Soc. Mag. Reson. Med. 22 (2014). 
Manning KY, Fehlings D, Mesterman R, Gorter JW, Switzer L, Campbell C, Menon 
RS. “Hemiplegic cerebral palsy and constraint-induced movement therapy: Resting 
state functional MRI and diffusion tensor imaging predictors and neuroplastic 
changes.” 
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• Poster at Imaging Network Ontario (ImNO). Toronto, Canada (2014). Manning KY, 
Fehlings D, Mesterman R, Gorter JW, Switzer L, Campbell C, Menon RS. 
“Hemiplegic cerebral palsy and constraint-induced movement therapy: resting state 
functional magnetic resonance and diffusion tensor imaging predictors and 
neuroplasticity.” 
 
• Oral Presentation at the Ontario Association of Children’s Rehabilitation Services 
(OACRS) conference (2013). Manning KY, Fehlings D, Mesterman R, Gorter JW, 
Switzer L, Campbell C, Menon RS. “Constraint induced movement therapy (CIMT) in 
children with CP: how can we develop and implement a CIMT intervention that 
works?” 
 
• Poster at Imaging Network Ontario (ImNO) Annual Conference. Toronto, Canada 
(2013). Manning KY, Hughes S, Gilbert KM, Menon RS. “7T functional magnetic 
resonance imaging of the primate visual cortex of anesthetized non-human primates.” 
 
• Oral Presentation at the International Society for Magnetic Resonance in Medicine 
(ISMRM) Annual Meeting. Australia. Proc. Intl. Soc. Mag. Reson. Med. 21 (2013). 
Gilbert KM, DiPrimio MR, Hughes S, Manning KY, Menon RS. “Whole-brain and 
local receive arrays for imaging non-human primates.”  
 
• Poster at Imaging Network Ontario (ImNO) Annual Conference. Toronto, Canada 
(2012). Manning KY, Hughes S, Gilbert KM, Menon RS. “Brain connectivity 
measured using the BOLD fMRI signal and electrophysiology.” 
 
 
Invited Lectures and Teaching Experience 
 
• Invited Presentation for CME Grand Rounds at Woodstock Hospital, Neurology 
Department on “Multiparametric MRI changes persist beyond recovery in concussed 
adolescent hockey players” (2017). 
 
• Peer supervisor of Neuroscience MSc Candidate focused on resting state fMRI of 
clinical population with psychogenic non-epileptic seizures (PNES) at 7T (2016-17). 
 
• Invited Presentation for the Governor General of Canada at Robarts Research Institute 
visit focused on concussion (2017). 
 
• Volunteer lecture slides, teaching materials and activities for BIOMED 9508A: 
Medical Imaging (2017).  
 
• Invited Lecturer Teaching for the Centre for Functional and Metabolic Mapping 
(CFMM) Winter School (2015-2017) “Connectomics: Diffusion Tensor Imaging (DTI) 
and Resting State fMRI Analysis Techniques.” 
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• Invited Oral Public Lecture at the See the Line Symposium. London, Canada (2016). 
“This is Your Brain on Rest.” 
 
• Teaching: Advanced Pedagogy project. Organized a new version of “Concepts of 
MRI” Biophysics 9650 course with supervision from Dr. Aaron Ward and Dr. Charles 
McKenzie. Developed new learning outcomes and supported these through new lecture 
slides, new assignments and in-class activities, new approaches to evaluate graduate 
students, and practice teaching and preparing lectures. 
 
• Invited Oral Presentation at the Joint Symposium of University of Geneva (UNIGE) 
and University of Western Ontario Brain and Mind Institute. Geneva, Switzerland 
(2016). “Evidence of neuroreparitive mechanisms in varsity rugby players.” 
 
• Invited Oral Public Lecture at the See the Line Symposium. London, Canada (2015). 
“Diffusion tensor imaging and resting state fMRI in youth participating in contact 
sports.” 
 
• Invited Oral Presentation at the Mini-Symposium on Imaging of the Mother, Fetus, 
Infant and Children. London, Canada (2014). “Resting state fMRI and DTI of children 
with hemiplegic CP treated with constraint-induced movement therapy.” 
 
_______________________________________________________________________ 
 
Academic and Relevant Employment History 
 
• 2015-Current: Research Assistant with the First Episode Mood and Anxiety Program. 
Supervisor: Dr. Elizabeth Osuch, MD, FRCPC and MRI CAMPEP-accredited 
Medical Physicist Dr. Jean Theberge, FCCPM. 
 
• 2017 Research Fellowship at the Donders Centre for Cognitive Neuroimaging in the 
Statistical Imaging Neuroscience group supervised by Dr. Christian Beckmann, PhD. 
 
• 2016 London Health Sciences Centre (LHSC) Quality Assurance Placement at 
Victoria Hospital. Supervisor: Mike McFarlane. 
 
• 2013 Research Assistant in the Centre for Functional and Metabolic Mapping 
 Supervisor: Dr. Ravi Menon, PhD 
 
•   2011 Research Assistant in Physics at Memorial University 
Supervisors: Dr. Luc Beaulieu, PhD & Dr. Ivan Saika-Voivod, PhD 
 
• 2010 Research Assistant in Physics at Memorial University 
Supervisors: Dr. Luc Beaulieu, PhD & Dr. Ivan Saika-Voivod, PhD 
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• 2006 Research Assistant in Marine Biology at Memorial University through the 
Women in Science and Engineering (WISE) Program 
Supervisor: Dr. David Schneider, PhD 
 
_______________________________________________________________________ 
 
Awards and Scholarships 
 
• 2017 Donders Institute-Brain and Mind Institute Trainee Exchange Programme 
Competition Award Recipient. Eramsus+ Scholarship for a 6-week fellowship with Dr. 
Christian F. Beckmann at Radbound University, Nijmegen, The Netherlands (EUR 
5076). 
 
• 2016 The Nellie Farthing Fellowship in Medical Sciences recognizing Excellence in 
Research ($3000). 
 
• 2016 Three Minute Thesis (3MT) Finalist. 
 
• 2016-2017 Western’s Doctoral Excellence Research Awards ($5000). 
 
• 2016 Poster Award at the Southern Ontario Neuroscience Association (SONA) 
conference in Waterloo, Ontario ($250). 
 
• 2015 Merit Abstract Award for Organization for Human Brain Mapping (OHBM) 
Annual Meeting (2000 USD). 
 
• 2014 American Academy for Cerebral Palsy and Developmental Medicine 
(AACPDM) Student Scholarship ($1100). 
 
• 2014 International Society For Magnetic Resonance In Medicine (ISMRM) Annual 
Meeting Merit Award for Oral Presentation. 
 
• 2014 and 2015 International Society For Magnetic Resonance In Medicine (ISMRM) 
Annual Meeting Educational Stipend (Registration fee waived). 
 
• 2014 NSERC CGS-D Scholarship ($33,000 annually for 3 years). 
 
• 2011 Canadian Scholarship Trust Foundation Award ($7,500). 
 
• 2011 Ontario Graduate Scholarship ($15,000). 
 
• 2010 NSERC Undergraduate Student Research Award ($4,500). 
 
• 2007-2011 Faculty of Science Dean’s List. 
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• 2007-2011 Dr. Leslie Harris Alumni Association Scholarship ($16,000). 
 
• 2007 Municipal District Scholarship ($1000). 
 
• 2007 Advanced Placement Scholar with Distinction. 
 
• 2007 Science Student of the Year for Graduating Class ($200). 
 
_______________________________________________________________________ 
 
Scholarly and Professional Experience 
 
• 2017 Volunteer for the “Discover Robarts” initiative. 
 
• 2017 Panelist Speaker at Society of Graduate Student’s Navigating the Challenges of 
Graduate School for Women Workshop. 
 
• 2016 Grant writer for Surgeon General Health Research Program proposal focused on 
the effects of binasal occlusion treatment for patients with persistent post-concussive 
symptoms. 
 
• 2016 Collaborative Institutional Training Initiative (CITI Program) Good Clinical 
Practice through Lawson Health Research Institute. 
 
• 2016 American Association of Physicists in Medicine Education Module 
“Professionalism in Everyday Practice: The Physician Charter.” 
 
• 2016 Master of Ceremonies for the Department of Medical Biophysics Innovation 
Conversation Breakfast as part of AC Burton Day. 
 
• 2016 Invited Lecture at the Student Summer Seminar Series: “Transitioning from 
Undergraduate Studies to Graduate Research: Lessons and Q&A Session.” 
 
• 2016 Speaker at the Computational Neuroscience Journal Club. 
 
• 2016 CAMPEP CCPM Exam Prep Coordinator and Seminar Series Chair. 
 
• 2016 Organized the first Women in Neuroscience Society (WINS) Inspiring Young 
Women in Science, Technology, Engineering, and Mathematics (STEM) Conference. 
 
• 2016 Speaker at BMI Lunch Series: “Binasal Occlusion Treatment for Persistent 
mTBI Symptoms.” 
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• 2016 Volunteered as a youth leader for Brescia’s “Bring it!” conference inspiring 
grade 6-8 girls to “Find Your Brave!” 
 
• 2015 and 2016 Reviewer for Developmental Medicine and Child Neurology. 
 
• 2015 Teaching for Centre for Functional and Metabolic Mapping (CFMM) Winter 
School. 
 
• 2015 Poster judge at Society for Neuroscience Association (SONA) conference. 
 
• 2014 Attended the FMRIB FSL Course in Oxford, England. 
 
• 2012 Attended the Plexon Neurophysiology Workshop Alumni in Dallas, Texas. 
 
• 2012 Volunteer with Strong Bones, Strong Minds, Strong Muscles: Speaker and 
Organizer. 
 
• 2012 Volunteer for Western Convocation Ceremonies. 
 
• 2011 Volunteer with Network of Imaging Students (NOISE): Welcome Lunch 
Coordinator. 
 
• 2010-2011 Vice President of the Physics and Physical Oceanography Society. 
 
• 2011 Volunteer with Let’s Talk Science: Event Coordinator and Scientific 
Demonstrations. 
 
• 2008-2010 Volunteer with Big Brother Big Sisters of Canada. 
 
_______________________________________________________________________ 
 
Press Coverage 
 
• Manning KY, Schranz A, Bartha R, Dekaban G, Barreira C, Brown A, Fischer L, 
Asem K, Doherty TJ, Fraser DD, Holmes J, Menon RS. “Multiparametric MRI 
changes persist beyond recovery in concussed adolescent hockey players.” 
Neurology. 2017 November; 89: 1-10.  
• CTV National News: Young hockey players hitting the ice too soon after 
concussions: study 
• The Globe and Mail: Brain changes may persist in teen athletes months after 
concussion: study 
• Sports Net: Study: Brain changes may persist in teenage athletes months after 
concussion 
• CBC National: Brain changes may persist in teenage athletes months after 
concussion: study 
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• Calgary Radio 
• Canadian Press: Brain changes may persist in teenage athletes months after 
concussion: study 
• Global National News 
• Health Day: Hockey Study Suggests Injured Kids Sent Back on the Ice Too Soon 
• London Free Press, front page: Concussed? Best prescription is patience, 
Western pair says 
• Neurology AAN podcast 
• National Post: Brain changes may persist in teenage athletes months after 
concussion: study 
• Science Magazine: Post-concussion brain changes persist even after pre-teen 
hockey players return to play 
• Radio Canada International  
• CBC London morning: We talk concussions with Bantam level players with Dr. 
Ravi Menon with BrainsCAN 
• Popular Science: Concussions make lasting changes to the brain, even after you 
feel fine. 
• U.S. News: Hockey Study Suggests Injured Kids Sent Back on the Ice Too Soon 
• EurekAlert!: Post-concussion brain changes persist even after pre-teen hickey 
players return to play 
• The Medical News: Young hockey players may show post-concussion brain 
changes even after they return to play 
• Science Newsline: Post-concussion Brain Changes Persist Even After Pre-teen 
Hockey Players Return to Play 
• MedlinePlus: Hockey Study Suggests Injured Kids Sent Back on the Ice Too 
Soon: MedlinePlus Health News 
• TKO Show with Kara Ro 
 
• Manning KY, Fehlings D, Mesterman R, Gorter JW, Switzer L, Campbell C, Menon 
RS. “Resting State and Diffusion Neuroimaging Predictors of Clinical Improvements 
Following Constraint-Induced Movement Therapy in Children With Hemiplegic 
Cerebral Palsy.” J Child Neurol. 2015 Oct; 30(11): 1507-14.  
 
• CTV London News: Bettering treatment for cerebral palsy 
 
• Western News: Study may offer direction for cerebral palsy treatment 
 
 
 
